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ABSTRACT
The objective of this study was to characterize the variability of dynamic modulus
of asphalt mixes in South Carolina on the basis of geometry and anisotropy. High priority
mixes Surface Type B, and C; Intermediate Type B and C and Base Type A from three
different days of production were collected from seven different contractors each having a
different aggregate source and the dynamic modulus was measured using the Asphalt
Mixture Performance Tester (AMPT) at temperatures of 40, 70, 100 and 130℉ (4.4, 21.1,
37.8, and 54.4℃) and at frequencies of 25, 10, 5, 1, 0.5, and 0.1 Hz. One-way ANOVA
test was conducted on the control specimen to find the variability of dynamic modulus
between mix types and contractor. The results showed that there were no significant
differences between the contractors for Intermediate mixes and Surface C and some, but
little, variability in Base A and Surface B mix. Also, at higher temperatures (70, 100 and
130℉) and lower frequencies, there was less variability between the mixes for a given
contractor. The feasibility of having small-scale specimen was analyzed and the results
show that reducing the specimen size from 100 mm x 150 mm to 38 mm to 110 mm has
direct effect on dynamic modulus and the small-scale specimen had reduction in dynamic
modulus as well. The ratio of small-scale to the control specimen ranged from 0.81 to 1.23
with an average of 0.96. The feasibility of having specimen cored horizontally was studied
so that determining the dynamic modulus of field cores are possible where each individual
layer could be extracted from the composite specimen to study the pavement performance.
The horizontally cored specimen exhibited an opposite trend to the vertically cored
specimen, where there was an increase in dynamic modulus. The horizontally cored
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specimen exhibited higher dynamic modulus than the control specimen. The ratio of smallscale horizontal to control specimen ranged from 0.84 to 1.32 with an average of 1.06. The
mastercurves generated for control and small-scale samples indicated that the horizontally
cored specimen was in alignment with the control specimen than the vertically cored
specimen. It also showed that the small-scale specimen had little to no variability in
dynamic modulus with the control specimen at lower temperatures. There was high
variability at high temperatures irrespective of mic type and contractor. The pavement
performance using the PavementME indicated that horizontally cored small-scale
specimen was highly resistant to AC layer deformation and prone to top-down cracking.
But the opposite trend was observed in the vertically cored small-scale specimen where it
was prone to rutting and resistant to cracking. This is solely because the horizontal
specimen had higher dynamic modulus while the vertically cored specimen had lower
dynamic modulus. The dynamic modulus data on field cores cored horizontally indicates
the feasibility of testing the field specimen with a reduced dimension. Banks SMA had
similar dynamic modulus for both field cores and plant mix-lab compacted cores. The
lab/field performance was close to 1 for all the distresses except top-down cracking which
was found to be 0.85. The above result was an indication that the mixes produced at the
plant and compacted at the lab was an ideal representation of actual pavement in the field.
Keywords: Dynamic Modulus, Anisotropy, Geometry, Matercurves, MechanisticEmpirical Pavement Design Guide (MEPDG), Asphalt Mixture Performance Tester
(AMPT), Small-scale specimen, Prediction models, Artificial Neural Network (ANN).
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CHAPTER ONE
1.0. INTRODUCTION
1.1. Background
Currently, the South Carolina Department of Transportation (SCDOT) uses the
American Association of State Highway and Transportation Officials (AASHTO)
regression equation methodology (1972 and later with modifications) for designing flexible
and rigid pavements. Since the original AASHO procedure (1961) never accounted for
very high volumes of trucks and advancements in materials, updates were made to the 1972
version using South Carolina specific local calibration studies conducted at the University
of South Carolina (U of SC) and Clemson University. Hence, the pavement design guides
being used now for the design of flexible and rigid pavements are outdated and not
necessarily accurate for certain current conditions.
AASHTO released the first all-new pavement design method in 2008, the
Mechanistic-Empirical Pavement Design Guide (MEPDG). The MEPDG provides for
three hierarchical levels of design input (traffic, material property and climate) to best
utilize the available input data and develop a more effective and long-lasting pavement
design. The MEPDG methodology is based on pavement responses computed using
detailed traffic loading, material properties, and environmental data. The responses are
used to predict incremental damage (pavement distresses) over time.
Implementation of the MEPDG is inhibited due to the necessary local calibration
of various factors like traffic loading and materials. The dynamic modulus (|E*|) is one of
the key inputs for flexible pavements in the MEPDG as it is a primary parameter employed
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to evaluate both rutting and fatigue cracking distress predictions in the MEPDG. The |E*|
is greatly influenced by factors like temperature, age of pavement and moisture. Therefore,
a thorough characterization of asphalt dynamic modulus is critical to the design of flexible
pavements using the MEPDG [1].
Asphalt Mixture Performance Testing (AMPT) is a testing process that involves
applying sinusoidal load to the asphalt material to determine the stiffness at different
temperatures and loading frequencies. Although the AMPT has gained a serious traction to
determine the dynamic modulus, the real benefit of testing the asphalt mixes using AMPT
comes from the fact that the results can be used in the PavementME software to analyze
the pavement performance under different conditions (e.g., traffic, climate, and material
properties). Even though there are numerous advantages to the AMPT, the testing process
is time consuming, and it requires at least two specimen of standard size (100 mm diameter
x 150 mm height) which introduces a variability in the specimen which could be avoided
if multiple specimen are cored from a single large specimen. Also, the standard dimension
of 100 x 150 mm does not accurately represent the field conditions or typical pavement
sections.
To overcome this disadvantage, the geometry of the specimen has to be modified
in such a way that the performance of the pavement is not compromised. In other words,
the dynamic modulus, which is the primary input in the PavementME, should not have
variability when the geometry is changed. This would enable the possibility of having
small-scale specimen and also reducing the specimen variability, since multiple specimens
could be cored from a single standard size specimen. Also, it is beneficial since the
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conditioning time required for multiple small-scale specimens is less than that of the
standard specimen.
One more factor that will complement the geometry study (effect of having a smallscale specimen instead of standard specimen) is the anisotropic behavior of asphalt
specimen. Since the reduced geometry (small-scale specimen) is possible by coring the
standard specimen in both the directions – vertical and horizontal, it is beneficial to study
how the coring direction affects the dynamic modulus of the asphalt mixes.
Therefore, considering the above-mentioned scenarios, it is evident that the
dynamic modulus of asphalt mixes needs to be studied in depth with respect to the
specimen geometry and the anisotropy.
1.2. Objective
The primary objective of this research was to study the feasibility of having a new
specimen dimension that would help in accelerating the determination of dynamic modulus
of lab specimens. Also, the anisotropic property of the asphalt specimen was analyzed in
detail. This would result in the possible usage of horizontally cored small-scale specimens
to design asphalt pavement, unlike the traditional method of designing based on standard
specimen size.
Another objective was to characterize the variability of dynamic modulus and its
influence in the MEPDG for different asphalt mixes. This information was then used to
develop a catalog of the typical values of dynamic modulus for different asphalt mixes in
the state of South Carolina that could be used as inputs for the design of asphalt pavements
using the MEPDG. An investigation of the specimen geometry and anisotropy, would
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provide an overall understanding of how dynamic modulus behaves when the specimen
size is reduced from 100 x 150 mm to 38 x 110 mm.
1.3. Scope of Research
To achieve the above-mentioned objectives, the first step of the research was to
collect asphalt samples from seven different contractors that were selected based on their
aggregate source and location within different SCDOT districts. The mix types collected
from each plant included Surface Type A, B and C; Intermediate Type B and C, Stone
Matrix Asphalt (SMA), Base Type A.
The research was conducted in the following phases.
Phase 1 – Collect plant mixes and catalog typical dynamic modulus values for high
priority mixes (standard specimen).
Phase 2 – Collect plant mixes and catalog typical dynamic modulus values for high
priority mixes (small specimen). Check for anisotropy between the vertically and
horizontally cored specimens.
Phase 3 – Collect field cores to compare with the lab produced mix.
Phase 4 – Based on the results of the above phases, differences in pavement
performance in the MEPDG was analyzed.
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1.4. Organization of Dissertation
This dissertation is divided into eight chapters. The first chapter provides an
introduction to the research topic and states the objective and scope of the study. Chapter
Two contains a literature review that highlights the importance of dynamic modulus in
designing a pavement section, various pavement design methodologies including
mechanistic design, empirical design and mechanistic-empirical (M-E) design. The history
of the M-E pavement design along with the Long-Term Pavement Performance (LTPP)
and design approach of MEPDG is also discussed. The significance of dynamic modulus
|E*| and its importance in the MEPDG was studied as well. The literature review also
includes the different models by which master curves are generated using dynamic
modulus as an input parameter. The effect of having multiple specimen dimension and its
effect on physical properties of asphalt is discussed along with the anisotropic behavior of
asphalt material.
Chapter Three describes the experimental procedure, material sampling and test
methods involved in determining the dynamic modulus, developing master curves and
gathering MEPDG inputs. It also gives an understanding of approach of the study along
with data collection and data analysis process.
Chapter Four presents the dynamic modulus variability study, results and findings
from the Asphalt Mixture Performance Tester (AMPT) for various mix types from the
sources included in this study and its quantitative effect. Chapter Five presents a study of
the prediction models that could be used when Level 1 data could not be determined at the
lab.
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Chapter Six discusses the influence of specimen geometry on the dynamic modulus
of different contractors and mix types followed by Chapter Seven that focuses on the effect
of anisotropic behavior of asphalt specimen. Chapter Eight discusses pavement
performance due to the dimension change and the anisotropic behavior. Finally, Chapter 9
provides the summary, conclusion and recommendations for future research.
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CHAPTER TWO
2.0. LITERATURE REVIEW
2.1. Pavement Design
The design of flexible pavements can generally be classified into one of two
categories: empirical methods and mechanistic methods. Empirical methods are based on
the results of the original American Association of State Highway Officials (AASHO)
Road Test or similar efforts. The results of the road test were the empirical equations that
are used to relate the pavement characteristics (structural strength, serviceability index, and
subgrade characteristics) and the sustainable traffic [2]. However, use of this empirical
method also comes with certain limitations. The empirical approach can only be correctly
applied for a given set of environmental, material and traffic conditions (Highway and
Officials, 1993). Due to this limitation, significant advancements in materials, increase in
traffic, or environmental changes might affect the pavement performance and inaccurate
results can be expected. Mechanistic methods on the other hand consider both the material
behavior and pavement response to model the pavement deterioration process. This type
of design assumes that the flexible pavement can be designed as a multi-layered elastic
structure. Hence, it is possible to calculate the stress, strain and deflection due to traffic
and environmental conditions at any point within the pavement structure [3].
Researchers believed that pavement performance can be influenced by numerous
factors which cannot be modelled entirely by considering either empirical or mechanistic
methods alone, but rather needed a combination of both. In 2004, under the National
Cooperative Highway Research Program (NCHRP) project 1-37A, the Mechanistic-
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Empirical Pavement Design Guide (MEPDG) for new and rehabilitated pavement
structures was introduced [4].

2.1.1. Empirical Design
According to the respondents of a survey published in 2004, the 1993 AASHTO
pavement design guide was the most popular primary flexible pavement design guide at
that time. An older version of the AASHTO guide, the 1986 version, was the second most
popular method [5]. The foundation for developing the empirical design of flexible
pavement started early in the 1950s when the American Association of State Highway
Officials (AASHO) performed the Road Test in Ottawa, IL. The test, sponsored by
AASHO and administered by Highway Research Board of the National Academy of
Sciences, was considerably large and comprehensive research that studied the performance
of the pavement structures under moving loads of known magnitude and frequency. The
primary objective of the road test was to determine a significant relationship between the
number of axle loads of different magnitude and configuration and the performance of
different thicknesses of asphalt concrete [6]. At the end of the tests conducted, researchers
cited serviceability, flexible and rigid pavement design equations, load equivalency factors,
and single and tandem axle load equivalencies as the main products [7]. Completion of the
AASHO Road Test in 1961 led to the compilation of the empirical equations which resulted
in the publication of the AASHO Interim Guide for the Design of Flexible Pavement
Structures. The results from the Road Test led to the introduction of pavement concepts of
serviceability, the level of a pavement’s ability to serve the travelling public, and pavement
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performance, the trend of serviceability with time or load applications. The empirical
equation from the study also facilitated the inclusion of Equivalent Single Axle Load
(ESAL) factors. It’s a factor that would relate various axle combinations which would bring
about the same damage as a standard single axle load of 80 kN (18,000 lbs.). It has been
concluded that for a given loss in serviceability index, a flexible pavement would withstand
about the same number of 33,000 lb. tandem axle loads as 18,000 lb. single axle loads or
41,000 lb. tandem axle loads as 22,400 lb. single axle loads [8]. This interim guide served
as the most important design reference for flexible and rigid pavements until it was revised
in 1972. This revision included rearranging and simplifying the text and some additional
explanatory steps for flexible pavements. Major revisions to the guide came in 1986 which
included the concept of reliability, incorporation of normal deviation and overall standard
deviation, resilient modulus, improved traffic data, life cycle cost of pavements, design of
pavement for low volume roads and Present Serviceability Index (PSI) [9]. Another major
revision came in 1993 where modifications for overlay designs were included. It was also
in this year the design Equation 2-1 for asphalt pavement was modified [3].

∆𝑃𝑃𝑆𝑆𝑆𝑆
�
4.2
− 1.5
log(𝑊𝑊18 ) = 𝑍𝑍𝑅𝑅 × 𝑆𝑆𝑜𝑜 + 9.36 log(𝑆𝑆𝑆𝑆 + 1) − 0.20 +
1094
0.40 +
(𝑆𝑆𝑆𝑆 + 1)5.19
log �

+ 2.32 log(𝑀𝑀𝑅𝑅 ) − 8.07

Equation 2-1: Calculation of ESAL

where:
W18

= predicted number of 18-kip equivalent single axle load applications
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ZR

= standard normal deviate

So

= combined standard error of the traffic prediction and performance
prediction

ΔPSI = difference between the initial design serviceability index, po, and the
design terminal serviceability index, pt
MR

= resilient modulus (psi)

ai

= ith layer coefficient

Di

= ith layer thickness (in.)

mi

= ith layer drainage coefficient

Currently, the South Carolina DOT uses the 1972 edition of the AASHTO
Guidelines for Pavement Design for new pavements with a few exceptions. Although
revisions were made in 1986 and 1993, significant practical problems led the agency to
continue with the 1972 procedures [10].
2.1.2. Mechanistic Design
Mechanistic design simply means that a model is used to calculate the response of
a pavement to traffic loads. The analysis methods employed in mechanistic pavement
design date back to the 1920s. Later in the 1950s, charts and tables were developed to
compute the stress and strain in the pavement layers. These were later substituted by
computer programs that became available in 1960s but were not very popular until the
widespread usage of personal computers in 1980s. Newcomb and Timm stated that
mechanistic pavement design would not result in drastically different pavement sections
from other design procedures but would allow for a rapid analysis of impact due to
materials and climate. They also stated that states like Washington and Illinois were using
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the mechanistic design method to check the reasonableness of the other design procedures
[11].
Figure 2-1 shows the flow chart of a typical mechanistic pavement design. The
design assumes the pavement model to be a layered elastic model comprising of layers of
different materials. The term elastic is used to show that the pavement deforms under
applied load and regains its original shape once removed. The modulus of elasticity also
varies with respect to the climatic conditions [11]

Figure 2-1: Flow chart for typical ME pavement design
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Yoder and Witczak pointed out that for any pavement design methodology to be
completely rational it must satisfy three elements: a theory to predict failures, evaluation
of material properties, and determination of relationship between magnitude vs.
performance [12]. Hence, the assumptions of a multi-layered elastic theory can be
summarized as layers with homogeneous material properties which means the material
properties at point A are the same at point B, layers have finite thickness except for the
lowest layer and extend infinitely in lateral direction as shown in Figure 2-2.

Figure 2-2: Multi layered elastic theory of pavement layers (Witczak and
Yoder, 1975)
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2.1.3. Mechanistic-Empirical Design
2.1.3.1. Long term Pavement Performance (LTTP) Program
As a part of the Strategic Highway Research Program (SHRP), the Long-term
Pavement Performance (LTPP) program was started in 1987. The objective of the program
was to monitor and study the performance of nearly 2500 in-service pavement sections in
both the United States and Canada [4]. Figure 2-3 shows the locations of pavement sections
that were part of the program. By acquiring data over a span of 20 years, the LTPP program
formed the basis for the migration of pavement design from empirical to the mechanisticempirical method. The migration to MEPDG required detailed information about
pavements across the country including range of loading, climate and subgrade properties.
The current default traffic loading provided in the MEPDG were derived from the LTPP
traffic database using the weigh in motion (WIM) sites across the United States and
Canada.
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Figure 2-3: Pavement sections included in the LTPP program
The data for the LTPP program has been collected through collaborative efforts
between highway agencies and the LTPP program. The data includes information on
inventory, maintenance, monitoring, rehabilitation, material testing and climate. The
program is divided into two fundamental class of studies: General Pavement Study (GPS)
and the Specific Pavement Study (SPS); as well as several smaller studies to collect the
required pavement data. Big data analysis by Chang et al. revealed a high correlation
coefficient between average block cracking area and average raveling area. Another
important finding from the study was that surface distress has limited effect on the
smoothness of the pavement surface [13]
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2.2. MEPDG Design Approach
For many years now, the SCDOT has been following the 1972 AASHTO pavement
design guide for the design for flexible pavements. However, recent studies have suggested
that the MEPDG might be the future of the pavement design. Many state agencies including
SCDOT are in the process of establishing a methodology to implement the proposed
MEPDG. The current MEPDG design produces a performance prediction of a pavement
structure using the input values for traffic, material and climate rather than producing the
required pavement structure. Since the design is an iterative process, the assumed pavement
structure can be modified if the distress prediction exceeds the expected level and the
performance prediction can be repeated until a desired performance level is achieved. The
structural design is revised until it meets the user specified performance criteria making it
a robust design considering all reasonable alternate solutions. [14].
The MEPDG design approach consists of three major stages as shown in Figure
2-4. Stage 1 is to identify the input variables. The input variables generally include
materials, climate and traffic data. Climate data consists of temperature, precipitation, wind
speed, etc. which are gathered from various climate stations located across the country.
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Figure 2-4: Three stages of ME design approach
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The second stage of the design is the pavement analysis itself. The analysis begins
with the selection of a trial section and the pavement response to the input values are
analyzed over time. A pavement section is then modified through an iterative process until
it satisfies all the input and performance criteria. The third stage of the design approach is
the evaluation of structurally viable alternatives that includes the life-cycle cost of the
pavement. This is optional and can be used when the consequences due to failure are
minimal [4].
2.3. Significance of Dynamic Modulus |E*|
The dynamic modulus of HMA is the most significant input parameter in the
structural design of asphalt pavement. The main objective of dynamic modulus
characterization includes (1) developing a database and variability of |E*| input Level 1
for the MEPDG; (2) evaluating the predictive equation for |E*| input Levels 2 and 3 in the
MEPDG [15]. With the development of the MEPDG, greater emphasis has been placed on
Hot Mix Asphalt (HMA) characterization and in particular the modulus or stiffness
properties. In 2002, there were significant changes to the Guide for Mechanistic Empirical
Design of New and Rehabilitated Pavement Structures that included changes to material,
traffic and environmental properties. Therefore, a thorough characterization of asphalt
materials and appropriate input values are crucial to design pavement using MEPDG.
Dynamic modulus is an important input parameter to determine the stress/strain
responses needed by the performance model to predict the pavement performance. Based
on the MEPDG performance model, dynamic modulus values have a direct influence on
the fatigue (bottom-up and top-down) cracking and rutting [16]. The dynamic modulus
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value is the primary Level 1 input parameter for the MEPDG. It is determined in
accordance with the procedure outlined in AASHTO TP 62: Standard Test for Determining
the Dynamic Modulus of HMA. Cyclic loads are applied to the specimen across a range of
temperatures and frequencies and a master curve is generated using time-temperature
superposition. The master curve is then used as the input in the MEPDG. For Level 2
inputs, instead of measuring the dynamic modulus value in the lab, it is estimated using
predictive models and the aggregate gradation, mixture volumetrics and asphalt binder
properties [17]. Typical models used to predict the dynamic modulus are the Witczak
model [18] and the Hirsch model [19].
The traditional Witczak model was a result of the predictive model developed using
a database collected by the Asphalt Institute, the University of Maryland, and the Federal
Highway Administration that consists of 2750 dynamic modulus measurements from 205
different asphalt mixtures tested over 30 years. This model is considered as the most
popularly used |E*| prediction model and was also adopted for the MEPDG to correlate
mixture material properties with the dynamic modulus. Equation 2-2 is used for predicting
the dynamic modulus using this model
log 𝐸𝐸 = −1.249937 + 0.029232(𝑝𝑝200 ) − 0.001767. (𝑝𝑝200)2 − 0.002841. (𝑝𝑝4 )
𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
)
− 0.058097. 𝑉𝑉𝑎𝑎 − 0.802208. (
�𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝑉𝑉𝑎𝑎 �
+(

2

3.871977 − 0.0021. 𝑝𝑝4 + 0.003958. 𝑝𝑝38 − 0.000017. �𝑝𝑝38 � + 0.005470. 𝑝𝑝34
1 + 𝑒𝑒(0.603313−0.313551.log (𝑓𝑓)−0.393532.𝑙𝑙𝑙𝑙𝑙𝑙(𝜂𝜂))

Equation 2-2: Dynamic modulus prediction using the Witczak model
Where,
|E*|

= dynamic modulus, psi
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)

η

= bitumen viscosity, 106 Poise

f

= loading frequency, Hz

Va

= air void content, %

Vbeff

= effective bitumen content, % by volume

p34

= cumulative % retained on the 19-mm (3/4 in) sieve

p38

= cumulative % retained on the 9.5-mm (3/8 in) sieve

p4

= cumulative % retained on the 4.76-mm (No. 4) sieve

p200

= % passing the 0.075-mm (No. 200) sieve

A more rational method for predicting asphalt concrete modulus was developed by
Hirsch. Comparing to the Witczak models, the Hirsch model is considered relatively
simpler and relates the dynamic modulus of the asphalt concrete (|E*|) with binder modulus
(G*), voids in the mineral aggregate (VMA), and voids filled with asphalt (VFA) [19]. The
equation for predicting the dynamic modulus using Hirsch model is given in the Equation
2-3
|𝐸𝐸 ∗ |max = 𝑃𝑃𝑐𝑐 �4,200,000 �1 −

𝑉𝑉𝑉𝑉𝑉𝑉
𝑉𝑉𝑉𝑉𝑉𝑉 𝑥𝑥 𝑉𝑉𝑉𝑉𝑉𝑉
1 − 𝑃𝑃𝑐𝑐
� + 435,000 �
�� +
𝑉𝑉𝑉𝑉𝑉𝑉
100
10,000
�1 − 100 �
𝑉𝑉𝑉𝑉𝑉𝑉
�
+
�
4,200,000 435,000( 𝑉𝑉𝑉𝑉𝑉𝑉)

Equation 2-3: Dynamic modulus prediction using Hirsch model
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𝑃𝑃𝑐𝑐 =

�20 +

0.58

435,000(𝑉𝑉𝑉𝑉𝑉𝑉 )
�
𝑉𝑉𝑉𝑉𝑉𝑉

0.58

435,000(𝑉𝑉𝑉𝑉𝑉𝑉)
�
650 + �
𝑉𝑉𝑉𝑉𝑉𝑉

Equation 2-4: Aggregate Contact factor for Hirsch model

Where,
|E*|

= dynamic modulus, psi

VMA

= voids in the mineral aggregate, %

VFA

= voids filled with asphalt, %

Pc

= aggregate contact factor

2.4. Small-scale specimen |E*|
The use of small-scale specimen to obtain the dynamic modulus of asphalt layers
and study its performance has been gaining traction these days owing to its advantages
over testing the standard specimen. The fact that the standard specimen is 100 x 150 mm
and given that many asphalt pavement layers are less than 150 mm thick, AMPT testing of
as-built asphalt layers are impossible.
The research conducted by Lee and team focused on the feasibility of using smallscale specimen for determining the dynamic modulus of asphalt. Five plant-produced loose
mixes composed of various NMAS values, binder types, and reclaimed asphalt pavement
contents were investigated in this study. They were all typical North Carolina mixtures,
except for the 12.5-mm mixture, which was sourced from Virginia. Dynamic modulus
testing was conducted with all the mixtures. Fatigue testing was limited to the RSF9.5A,
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RI19.0B, and RB25.0B mixtures. All the asphalt mixtures were compacted by using a
Superpave gyratory compactor in the laboratory to fabricate specimens with a diameter of
150 mm and height of 178 mm. Both small cylinders and prisms were evaluated. The large
and small specimens were extracted vertically from the inner 100-mm diameter of the
gyratory compacted specimens to minimize the effects of the radial air void gradient. The
100-mm-diameter specimens were vertically cored from the center of the gyratorycompacted samples, and both the top and bottom ends were cut so that the final heights
were 150 mm for dynamic modulus testing and 130 mm for fatigue testing. Three small
cylindrical specimens with 38-mm diameters were cored from a single gyratory compacted
sample. The ends of the small cylindrical specimens were cut so that the final height of all
specimens was 110 mm. Three prismatic specimens were sawed from a single gyratorycompacted sample to the final dimensions of 25 mm in thickness, 50 mm in width, and 110
mm in height. The team found that regardless of the size of the aggregate in the mix the
small-scale and standard specimen had a good dynamic modulus agreement the high and
intermediate reduced frequency. At the lower frequencies, the small-scale specimen had a
higher dynamic modulus value. They also suggested to use prismatic prisms, in case a
38mm sample could not be extracted from the field cores [20].
Similar study was conducted by the Virginia Department of Transportation
investigated the use of small-scale cylindrical specimens as an alternative means to conduct
dynamic modulus testing of asphalt mixtures. To validate the small-scale approach, the
dynamic modulus from small-scale specimens was compared to the dynamic modulus from
full-size specimens (100 × 150 mm) using asphalt mixtures having a nominal maximum
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aggregate size (NMAS) of 9.5, 12.5, 19.0, and 25.0 mm. Small-scale cylindrical specimens
having a diameter and height of 38 × 135 mm, 50 × 135 mm, 38 × 110 mm, and 50 × 110
mm were studied. It was concluded from the study that any of the four small-scale geometry
dimensions appears to be a suitable alternative to the full-size specimen when the full-size
specimen cannot be produced. For 19.0- and 25.0-mm NMAS mixtures, the two smallscale geometries having a diameter of 50 mm appear to be suitable alternatives to the fullsize specimen when the full-size specimen cannot be produced [21].
From the above literature review, using 38mm x 110 mm as the size of small
specimen was found more suitable for this research.
2.5. Anisotropic behavior of asphalt mixes
Since one of the objectives of the research is to study the feasibility of using smallscale specimen for determining the dynamic modulus of asphalt mixes in South Carolina,
it is imperative to study the anisotropic behavior as well. Anisotropy is a variable that is
introduced when the coring direction is changed from vertical to horizontal. Studying this
property will enable to determine if coring horizontal specimen is feasible thereby making
the determination of as-built asphalt layer dynamic modulus possible. Although there has
been numerous research which involved the study of anisotropy of asphalt mixes, only a
handful addressed the anisotropy in terms of dynamic modulus. In other words, there has
not been a lot of study that evaluated the performance of horizontal specimen’s dynamic
modulus.
Asphalt concrete is a bonded granular material. Its internal structure is anisotropic,
which could be due to the anisotropic particle and void shape, particle orientation
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distribution, and anisotropic compaction (restrain and force pattern applied during the
compaction) [22]. The characterization and modeling of the anisotropic properties of soils
have been widely explored in geomechanics and geotechnical engineering. However, few
studies have focused on the characterization and modeling of aggregate base, asphalt
concrete [23] and pavement analysis [24].
The research by Wang and team found that during field compaction, asphalt
concrete shows a general anisotropy that might be approximated as orthotropy. The stress
fields of an isotropic and an anisotropic pavement could be significantly different pending
on the degree of the anisotropy measured by the ratios between the horizontal and vertical
elasticity modulus. This significant difference has important implications to pavement
design and analysis [22]
2.6. Developing Master Curve
A dynamic modulus master curve for asphalt concrete is a critical input for
flexible pavement design in the mechanistic–empirical pavement design guide (MEPDG)
developed in NCHRP Project 1-37A. The recommended procedure to develop the modulus
master curve is outlined in AASHTO TP62-03, Standard Method of Test for Determining
Dynamic Modulus of Hot-Mix Asphalt Concrete Mixtures. It includes testing at least two
replicate specimens at five temperatures between 14°F and 130°F (-10°C and 54.4°C) and
six loading rates between 0.1 and 25 Hz. The main objective of the master curve
construction is to account for the temperature and loading effects on the modulus of asphalt
concrete. Master curves are constructed using the principle of time-temperature
superposition which describes viscoelastic behavior of asphalt binders and mixtures [25].
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A master curve of an asphaltic mix allows comparison of viscoelastic materials when
testing has been conducted using different loading times or frequencies and test
temperatures [26]. For the construction of a master curve, a shift factor must be defined.
The shifting equations available are the empirical William-Landel-Ferry (WLF) equation,
Arrhenius equation, log-linear method, experimental method, and the viscosity temperature
susceptibility (VTS) method. Also research work assessing the validity of different shifting
methods for the construction of master curves shows that the experimental shift factors
correlated best with Arrhenius shifting with the correlation coefficient R2 being 0.922 [27].
The master curves in this thesis were constructed using the Arrhenius shift factor since it
requires only one constant to be determined, the Activation Energy (Ea) [28].
During testing, dynamic modulus measurements are made at different temperatures
and loading frequencies. Then the data are shifted horizontally until the data from different
temperatures align into a smooth continuous function representing the pavement response
at various temperatures and loading rates. Conditions relating to cold temperature and fast
traffic speeds are the high reduced frequencies on one end of the master curve and
conditions relating to high temperature and slow traffic speeds are the low reduced
frequencies at the other end of the master curve. Dynamic modulus testing using the AMPT
requires the use of on-specimen deformation measuring sensors (LVDTs) to minimize
errors associated with end effects. The sensors are mounted to gauge points that are glued
to the specimen and are designed to be rapidly installed. Dynamic modulus testing for
master curves should be performed on specimens prepared to the expected in-place air void
content, typically 7% (USDOT, 2013).
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CHAPTER THREE
3.0. EXPERIMENTAL METHODS AND MATERIALS
3.1. Research Methodology
3.1.1. Approach
This research was designed in such a way to quantify the dynamic modulus data
from six different mixes and seven different asphalt producing contractors across the state
of South Carolina. Characterization of dynamic modulus of asphalt is directly dependent
on the source of aggregates, since aggregates are the major component of Hot Mix Asphalt
(HMA), and other factors like asphalt binder grade, binder content, and volumetrics of the
mix. Table 3-1 shows the contractors and respective plant locations selected to sample
asphalt mixes for this study. Each location was selected from a different SCDOT district,
which are shown in Figure 3-1.

Table 3-1: Contractor and locations with SCDOT districts
Contractor

Location

SCDOT District

Lane

Columbia, SC

1

CRJ Columbia

Columbia, SC

1

King

Liberty, SC

3

Sloan

Duncan, SC

3

CR Jackson

Jefferson, SC

4

Banks

North Charleston, SC

6

Satterfield

Eureka, SC

7
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Figure 3-1 SCDOT districts

Figure 3-2 shows the research methodology followed. Seven different mix types
were considered for this study, each with a different gradation or binder grade (SCDOT,
2018): Surface Type A, Surface Type B, Surface Type C, Intermediate B, Intermediate C,
Base A. Collecting these mixes were in accordance with the SC-M-402 Supplemental
Technical Specifications - Materials Properties for Asphalt Mixtures [29]. Mixes that are
primarily used for Interstates and high-volume roads were specifically selected. SC-M-402
suggested that the SMA, Surface A, Intermediate B and Base A were used for Interstate
intersections. Surface B and C were used for high volume primary Full Depth Patching
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(FDP) and Intermediate C was used for low volume FDP. These mixes were sampled
during the paving seasons of 2017 (March to October) and 2018 (April to July).
Once the mixes were collected, the next step was to prepare the specimen using the
gyratory compactor. An important parameter to consider while making the specimen was
to have consistent air voids of 7±1%. Since the objective of the research was to check the
specimen geometry and anisotropy of asphalt dynamic modulus, two specimen geometries
were chosen: standard size of 100 x 150 mm and a small-scale specimen size of 38 x 110
mm. The anisotropy of the dynamic modulus was studied by coring the specimens in both
vertical and horizontal direction.
Once the specimen was made ready, the next step was to run the AMPT (Asphalt
mixture performance Tester), which yielded the dynamic modulus |E*|, which is the critical
input in designing pavement using the MEPDG. Using the |E*|, statistical analyses were
conducted to find the variability of |E*| due to specimen geometry and anisotropy, in
pavement performance.
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Collect Mix Types
STB/STC/INTB/INTC/Base
A/SMA

Make gyratory samples – 150 x
180mm
7% airvoids

Plant & Field
King/CRJ/Lane/Satterfield/Sloan
/Banks/CRJ Columbia

Core specimen – 100 x 150
mm

Core specimen – 38 x 110 mm
Vertical

Run AMPT to determine
Actual E*

Core specimen – 38 x 110 mm
Horizontal

Predict E* using Hirsch,
Witczak, Regression and
ANN
Check for anisotropy between
vertical and horizontal coring

Study pavement performance
using MEPDG
Figure 3-2: Research Methodology
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3.1.2. Data Collection
Data collection for this research was done in 2 phases. The first phase of the data
collection included the data collected from the gyratory specimen. The data collected in
this phase are:
o Volumetric properties – Bulk Specific Gravity
•

Maximum Specific Gravity

•

Airvoids

•

VMA/VFA and

o E* (dynamic modulus of asphalt mixes).
Once the data for phase 1 was collected, it was then used in the AASHTOWare
PavementME design software to obtain the pavement performance data. The data obtained
from phase 2 are listed below
o Terminal IRI (in/mile)
o Pavement deformation (in)
o AC bottom-up fatigue cracking (% lane area)
o AC thermal cracking (ft/mile)
o AC top-down fatigue cracking (ft/mile)
o Pavement deformation AC layer only (in)

3.1.3. Data Analysis
Data analysis was carried out using different software packages that were capable
of running statistical analyses. These included statistical analysis of data using the JMP
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and building ANN models using R studio. Anaconda (Python) was used to build the box
plots and regression model for Level 2 dynamic modulus analysis.
3.2. Experimental Procedure
Approximately 100 pounds of asphalt was collected for each mix type from three
different days of production. The samples were bagged and labelled with the contactor
name, date of collection, mix type and lot number. While collecting the samples, it was
made sure that the samples were collected following the procedures outlined in SC-T-101
Standard Method of Test for Random Method of Sampling Hot Mix Asphalt (HMA)
procedure [30]. The asphalt samples were collected from the same truck as the samples
collected for QC or QA testing by the plant personnel to compare the results. Also, the
plant worksheet that contains the details of the mix (type, job mix number, date and time
of sample taken), maximum specific gravity (Gmm), bulk specific gravity (Gmb), and mix
gradation for each mix type was also obtained. These samples were then transported to the
Asphalt Research Lab at Clemson University for the laboratory investigation.
Specimens having a diameter of 150 mm and height of 180 mm were compacted
using a Troxler Superpave Gyratory Compactor per AASHTO R 83-17 Standard Practice
for Preparation of Cylindrical Performance Test Specimens Using the Superpave Gyratory
Compactor (SGC) to a target air void content of 7 ± 0.5% [31]. The required air void
content was achieved by compacting two trial specimens to a height of 180 mm altering
only their material weight. Weights differed from 7200 to 7500 g depending on the mix
type and the contractor (aggregate source). The maximum specific gravity (Gmm) and
bulk specific gravity (Gmb) tests were carried out on these two specimens in accordance

30

with SC-T-83 and ASTM D 2726 [32], respectively, then the air void content was
calculated using Equation 3-1
Air void content (%) = �1 −

BSG
� ∗ 100
MSG

Equation 3-1 Calculation of air voids

Once the air void content for the trial specimens was calculated, the material
weights were interpolated to determine the mix weight that would yield the desired void
content of 7 ± 0.5%. After determining the appropriate specimen weight, three test
specimens were prepared from each sample using the same procedures and the air void
content was verified for each.
To prepare the gyratory specimens for AMPT testing, the center of each specimen
was cored out using a diamond tipped coring bit to provide a finished core diameter of 100mm for the standard size specimen or 38 mm for the small-scale specimen. The top and
bottom of the core were then saw cut so that the final height of the specimen was 150 mm
for the standard size specimen or 110 mm for the small-scale specimen. While saw cutting,
it was important to make both ends of the specimen parallel to ensure even loading during
testing.
Once the surface of the cored and cut specimen was dried, studs were attached using
two-part epoxy and the IPC Global Gauge Point Fixing Jig as shown in Figure 3-3. The
specimen was allowed to set undisturbed overnight so that the epoxy cured completely.
The LVDTs were fixed to these studs prior to AMPT testing.
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Figure 3-3: Testing procedure

The dynamic modulus of each test specimen (compacted, cored and cut) was
measured using the IPC Global Asphalt Mixture Performance Tester (AMPT). The test
frequencies chosen were 0.1, 1, 2, 5, 10, 25 Hz and the temperatures were 40, 70, 100 and
130°F (14, 21, 37, 54°C) The test was conducted in accordance with AASHTO T 378-17
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Standard Method of Test for Determining the Dynamic Modulus and Flow Number for
Asphalt Mixtures Using the Asphalt Mixture Performance Tester (AMPT). (AASHTO,
2017). The testing was planned in a way so that specimens were tested at room temperature
(70°F) first. Later, the specimens were cooled to 4°F by placing them in an environmental
chamber for 24 ± 2 hours. For higher temperatures, the specimens were placed in the
environmental chamber for 2-4 hours prior to testing. This reduced conditioning time
helped preserve the integrity of the specimen.
For each temperature tested, the AMPT machine was turned on at least one hour
before the commencement of the test. The AMPT machine is equipped with a cooler to
eliminate the moisture build up and the cooler was left on the entire time during lower
temperature testing (40 and 70°F) and intermittently turned on and off at higher
temperatures (100 and 130°F). It was made sure that the whole AMPT chamber including
the linear variable differential transformers (LVDTs) were conditioned to the set
temperature.
Once the test temperature was reached, the chamber was raised, and the specimen
was placed inside as shown in Figure 3-3. A gauge holder to hold a LVDT was attached to
each of the studs. Three LVDTs were placed between the top and bottom gauge holders
and zeroed to 0.000 ± 0.015 mm by adjusting the lock washer at the top of the LVDT.
These LVDTs measured the axial displacement at three evenly spaced locations around the
specimen’s circumference. Also, metal platens with a friction reducing gasket were placed
on the top and bottom of the specimen. A metal ball was placed on the top platen to allow
even loading on the specimen.
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When the specimen was placed inside the chamber and the temperature was stable,
sinusoidal loading was applied under the given frequencies. This yielded the dynamic
modulus of the specimen at each required frequency. The results were then exported as a
Comma Separated Value (CSV).
Once the results were obtained, statistical analysis was conducted on the dynamic
modulus data to characterize the variability with respect to contractor, mix type and
production days. Also, results were analyzed to find the effect of difference in specimen
geometry and coring direction on the dynamic modulus.
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CHAPTER FOUR
4.0. VARIABILITY STUDY OF CONTRACTORS AND MIX TYPES
4.1. Variability in Contractors for a Given Mix
The purpose of this portion of the study was to assess the variability of dynamic
modulus with respect to the contractor producing the mix. The research objecive was to
check if the dynamic modulus for a given mix type was similar between the contractors
producing it (Contractor 1 = Contractor 2).
Figure 4-1 shows the box plot for different contractors and dynamic modulus (ksi)
with respect to each mix type produced. It can be seen that the boxes overlap each other
with the mean line within the box of other contractors. The mean dynamic modulus is
relatively close to each other which shows that there is no significant difference in the
asphalt production across the state. Further analysis was conducted with respect to
variability in contractors for a given mix across various temperature, since it is one of major
factors affecting the dynamic modulus.
From Tukey test result Table 4-1, it is found that there is no significant difference
between the contractors CRJ and Lane for all the mixes. The average p-value was found to
be 0.743. This indicates that the mix types from these contractors exhibit similar dynamic
modulus values. The same trend was observed in the contractors King and Lane. The mean
dynamic modulus of all the mixes were similar with less variability. Though the variability
was higher for Intermediate mixes at higher temperatures (100 and 130℉), it did not cause
any significant differences and the p-value was above 0.05.
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Major differences were seen between the King and Satterfield mixes. All mixes had
significant differences. It could be seen from the box plot for Surface B where the mean
dynamic modulus of King was much higher than that of the Satterfield mix. This is
corroborated by the Tukey test Table 4-1, where it showed significant differences at all
temperature. Though the variability was less at 130℉, the p-value was 0.12 (which is
higher than the threshold p-value of 0.05) suggesting significant differences.

Figure 4-1 Box Plots for variability in Contractors for a given Mix Type
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Base A

Int B

Int C

p-value
SMA

Surface
A

Surface
B

Surface
C

40

0.7463

0.0071

0.0267

70

0.644

0.606

0.260

100

0.075

0.626

0.041

130

0.010

0.914

0.193

40

0.098

0.750

0.638

70

0.045

0.796

0.429

100

0.003

0.690

0.167

130

0.011

0.810

0.218

40

0.295

0.520

0.911

70

0.486

0.826

0.840

100

0.101

0.825

0.298

130

0.033

0.898

0.090

40

0.010

70

0.058

100

0.599

130

0.186

Lane - Sloan

Lane
Satterfield

King
Satterfield

King - Lane

CRJ
Columbia Banks

CRJ
Satterfield

CRJ - Lane

CRJ - King

Temp

Mix

Plant

Table 4-1 Tukey Test for variability in Contractors for a given Mix Type

40

0.426

70

0.370

100

0.485

130

0.013

40

0.896

0.846

0.018

0.999

0.002

0.002

70

0.348

0.478

0.753

0.996

0.047

0.080

100

0.005

0.663

1.000

0.108

0.006

0.685

130

0.018

0.473

0.855

0.402

0.128

0.915

40

0.939

0.490

0.362

0.831

0.147

0.025

70

0.990

0.935

0.743

0.992

0.578

0.420

100

0.552

0.999

0.984

0.654

0.419

0.958

130

0.081

0.895

0.938

0.318

0.038

0.623
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Similar differences were observed in the King and CRJ mixes. Though the
variability was less at lower temperatures, it tends to increase as the temperature increases.
This trend can be seen at all mixes and especially in Surface C. The p-value at 70℉ was
0.99 indicating the mix produced by the contractor was very similar. But as the temperature
increases to 130℉, the p-value drops to 0.08. Though it is above the threshold of 0.05, the
variability is significant. Same trend is seen in Base A (0.74 at 40℉ to .01 at 130℉) and
Surface B (0.89 at 40℉ to .02 at 130℉). The intermediate mixes showed a significant
difference irrespective of temperature
The SMA mixes were available only from 2 contractors, CRJ Columbia and Banks.
From the box plot, it could be seen that the mean dynamic modulus was higher in CRJ C
than that of the Banks. Also in high temperatures, the E* was comparatively higher than
that of the Banks which indicates that the mix from CRJ C is more resistant to rutting. This
assumption needs to be corroborated with the results from MEPDG. Though it exhibited
some similarities at higher temperatures, the level of similarity is less which is evident from
the Tukey test.
As seen with the other contractors for Surface B and Surface C mix, Lane and Sloan
had the same trend with the Surface A mix. The variability increased as the temperature
increases, and mix was showing significant differences in mean at 130℉.
The purpose of this study was to check if a mix of a certain type was consistent in
production across the state. If there had been enough consistency and less variability, it
could be concluded that a typical dynamic modulus value for each mix could be used
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irrespective of which contractor produced the mix. This will help in having a typical input
for each mix type as the MEPDG Level 1 input in the dynamic modulus.

4.2. Variability in Mix Types for a Given Contractor
Seven different mix types (Base A, Intermediate B, Intermediate C, Surface B,
Surface C, Surface A and SMA) were compared to study the variability in dynamic
modulus. The objective was to check to see if Base A = Intermediate B = Intermediate C
= Surface B = Surface C for each contractor at each temperature. The mean of the dynamic
modulus of each mix type produced from the plants were compared at each temperature to
find any similarities within a given contractor.
The results from Table 4-2 show the Tukey test and the similarities in mix type for
a given contractor. For all the mixes, there were no significant differences in the mean
dynamic modulus at higher temperatures (70, 100 and 130℉) with exception of Base ASTB and Base A-STC for CRJ and Base A-STC and INTB-STC for King. This is expected
since the purpose of Base, Intermediate and Surface mixes are different.
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Figure 4-2 Box Plot for Variability in Mix Type for a given Contractor

Across all the contractors, the Intermediate mixes (intermediate B and intermediate
C) were very similar to each other at all temperatures with the average p-value of 0.946
suggesting that the intermediate mixes have very less variability as shown in the Figure
4-2. The same trend was observed in the Surface mixes (Surface B and Surface C). The
average p-value for Surface mixes was found to be 0.890. This observation is important in
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concluding that a typical dynamic modulus value can be used for each mix type from a
contractor (e.g. Base, Intermediate, and Surface from King).
It should be noted that there are no other mixes from Sloan, Banks and CRJ
Columbia, this analysis could not be performed for these contractors. Since there are no
other mixes, the above validation still stands correct for theses contractors as well.

Table 4-2 Tukey Test for Variability in Mix Type for a given Contractor
Mix
Plant

CRJ

p-value

King

Lane

Satterfield

Temp

Base A INTB

Base A INTC

Base A STB

Base A STC

INTB
INTC

-

INTB
STB

-

INTB
STC

-

INTC
STB

-

INTC
STC

-

STB
STC

40

0.122

0.054

0.0287

0.001

0.997

0.977

0.500

0.999

0.7175

0.847

70

0.335

0.766

0.215

0.365

0.999

0.954

0.872

0.966

1.000

0.998

100

0.504

0.944

0.395

0.618

1.000

0.915

0.843

0.963

1.000

0.996

130

0.864

0.950

0.550

0.755

0.982

1.000

0.999

0.931

0.990

0.997

40

0.961

0.973

0.402

0.029

0.740

0.171

0.010

0.776

0.127

0.727

70

1.000

0.871

0.549

0.096

0.896

0.627

0.158

0.980

0.528

0.857

100

0.997

0.916

0.929

0.140

0.805

0.823

0.113

0.562

1.000

0.536

130

0.982

0.584

0.341

0.175

0.938

0.791

0.591

0.995

0.938

0.996

40

0.999

0.965

0.831

0.974

0.772

0.981

70

0.999

1.000

0.999

1.000

0.952

0.985

100

1.000

0.999

0.956

0.987

0.806

0.975

130

0.999

1.000

0.992

0.999

0.999

0.989

40

0.422

0.547

0.981

70

0.314

0.471

0.957

100

0.987

0.981

0.999

130

0.426

0.098

0.422

From the above Tukey test Table 4-2, it could also be seen that there are instances
where Intermediate C mix shows similar dynamic modulus values to that of the Surface (B
and C) mixes from the respective contractor. For instance, INTC-STB had a p-value of
0.97 and 0.99 for CRJ and Lane respectively. This suggests that, in case of non-availability
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of Level 1 data for either of these mixes from these contractors, the values of available
mixes could be used as a replacement. For example, if the Level 1 data for Surface B is not
available but Intermediate C is available, their values could be substituted as the input in
MEPDG.
Similar trend is seen in INTC-STC with p-values of 0.93 and 0.88 for CRJ and Lane
respectively.
The purpose of this study was to check if a certain contractor was consistent in
producing mixes of similar purpose. With consistency and less variability, it could be
concluded that a typical dynamic modulus value for each mix from certain contractor could
be used as the MEPDG Level 1 input in the dynamic modulus.
4.3. Variability between Production Days for a Given Contractor
Three different days of production were compared to study the day-to-day
variability in dynamic modulus for a given mix type. The objective was to check to see if
Day 1 = Day 2 = Day 3 for each mix type produced by each contractor across all the mixes.
The mean of the dynamic modulus of each production day for each mix type from the
plants were compared.
The effect of production day was an insignificant factor on the dynamic modulus
as seen in Figure 4-3. Though King had some differences between Day 1 and Day 3, it was
found that it did not contribute significantly to the variability in dynamic modulus. All
other contractors shad almost the same p-value across all the days indicating there were no
differences in dynamic modulus due to production day. It should be noted that there were
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only two days of production available for INTB in King, but it did not have any impact on
the results.

Figure 4-3 Box Plot for Variability in Production Day

4.4. Quantitative effect on dynamic modulus

Once the dynamic modulus variability was characterized by Contractor and Mix
Type, the effect of other parameters was analyzed quantitatively. A correlation study was
conducted to check the effect of dynamic modulus, temperature, frequency, production day
and specimen (effect of specimen replicate) on each other. The heat map in Figure 5-1
shows the correlation factor that depicts the strength of the relationship between
parameters. A correlation factor of 1 means that for every positive increase in one variable,
there is a positive increase of a fixed proportion in the other. A correlation coefficient of 1 means that for every positive increase in one variable, there is a negative decrease of a
fixed proportion in the other. Zero means that for any change in one variable, there is no
effect on the other—the two are not related.
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Figure 4-4 Correlation Matrix for Dynamic Modulus with respect to its variables

The temperature had a high negative correlation to dynamic modulus (correlation
factor = -0.88)—as the temperature increases, the dynamic modulus decreases. Also,
frequency had a positive correlation with the dynamic modulus which means, the higher
the frequency, the higher the dynamic modulus. Contractor and mix type did have a slight
impact on the dynamic modulus but with less correlation. Each mix type from each
contractor was analyzed to see if the correlation followed the same trend (Figure 4-2,
Figure 4-3, Figure 4-4, Figure 4-5).
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Figure 4-5 Correlation Matrix for C.R. Jackson

45

Figure 4-6 Correlation Matrix for King
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Figure 4-7 Correlation Matrix for Lane
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Figure 4-8 Correlation Matrix for Satterfield
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CHAPTER FIVE
5.0. MODEL SELECTION FOR MEPDG INPUT
Three models, namely Hirsch, Witczak (NCHRP 1-37A), and a regression model,
were used to predict the dynamic modulus values obtained from the AMPT test to be used
as the Level 1 input in the PavementME software to calculate the pavement performance
per the MEPDG.
5.1. Hirsch Model
The Hirsch model is considered relatively simpler and relates the dynamic modulus
of the asphalt concrete (|E*|) with binder modulus (G*), voids in the mineral aggregate
(VMA), and voids filled with asphalt (VFA) [33]. The equation for predicting the dynamic
modulus using the Hirsch model is given by

|𝐸𝐸 ∗ |max = 𝑃𝑃𝑐𝑐 �4,200,000 �1 −
+
where,

𝑉𝑉𝑉𝑉𝑉𝑉
𝑉𝑉𝑉𝑉𝑉𝑉 𝑥𝑥 𝑉𝑉𝑉𝑉𝑉𝑉
� + 435,000 �
��
100
10,000

1 − 𝑃𝑃𝑐𝑐

𝑉𝑉𝑉𝑉𝑉𝑉
�1 − 100 �
𝑉𝑉𝑉𝑉𝑉𝑉
� 4,200,000 +
�
435,000( 𝑉𝑉𝑉𝑉𝑉𝑉)

|E*|

= dynamic modulus, psi

VMA

= voids in the mineral aggregate, %

VFA

= voids filled with asphalt, %

Pc

= aggregate contact factor
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From Figure 5-1, the actual and predicted models were highly linear with R2 =
0.98. The model under-predicts the dynamic modulus at lower temperatures where the |E*|
is higher and over-predicts at 70°F. At 100°F it over-predicts at higher frequencies, and at
lower frequencies, the actual and predicted values did not vary significantly. The model
performs well at 130°F with no difference in predicted values. The trend was similar
irrespective of the mix type.

Hirsch Model
4000

Predicted Dynamic Modulus ksi

3500
y = 0.8929x
R² = 0.9411

3000
2500
y = 1.0201x
R² = 0.769

2000
1500

Hirsch 40

y = 1.0805x
R² = 0.6617

1000

Hirsch 70
Hirsch 100

500
0

Hirsch 130

y = 0.8135x
R² = 0.4585
0

500

1000

1500

LOE
2000

2500

3000

3500

Actual Dynamic Modulus ksi

Figure 5-1 Measured vs. Predicted dynamic modulus for the Hirsch model
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5.2. Witczak Model
The traditional Witczak model was a result of the predictive model developed using
a database collected by the Asphalt Institute, the University of Maryland, and the Federal
Highway Administration that consisted of 2750 dynamic modulus measurements from 205
different asphalt mixtures tested over 30 years. This model is considered as the most
popularly used |E*| prediction model and was also adopted for the MEPDG to correlate
mixture material properties with the dynamic modulus [34]. The equation used for
predicting the dynamic modulus using this model is

log|𝐸𝐸 ∗ | = −1.249937 + 0.029232(𝑝𝑝200 ) − 0.001767(𝑝𝑝200 )2 − 0.002841(𝑝𝑝4 ) − 0.058097𝑉𝑉𝑎𝑎 − 0.802208 (
+(

3.871977 − 0.0021𝑝𝑝4 + 0.003958𝑝𝑝38 − 0.000017(𝑝𝑝38 )2 + 0.005470𝑝𝑝34
)
1 + 𝑒𝑒 (0.603313−0.313551log (𝑓𝑓)−0.393532𝑙𝑙𝑙𝑙𝑙𝑙(𝜂𝜂))

𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

�𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝑉𝑉𝑎𝑎 �

where,
|E*|

= dynamic modulus, psi

η

= bitumen viscosity, Poise

f

= loading frequency, Hz

Va

= air void content, %

Vbeff

= effective bitumen content, % by volume

𝑝𝑝34

= cumulative % retained on the 19-mm (3/4 in) sieve

𝑝𝑝4

= cumulative % retained on the 4.76-mm (No. 4) sieve

𝑝𝑝38

= cumulative % retained on the 9.5-mm (3/8 in) sieve
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)

= % passing the 0.075-mm (No. 200) sieve

𝑝𝑝200

The Witczak model, as shown in Figure 5-2, exhibited the opposite trend compared
to the Hirsch model where the dynamic modulus values were over-predicted at the lowest
temperature of 40°F (higher |E*|), under-predicted at the higher temperature of 130°F
(lower |E*|), and predicted well at 70°F and 100°F. However, the level of prediction was
comparatively lower for this model having R2 = 0.96. Variation was also seen at the highest
temperature, where the dynamic modulus values from King were under-predicted and those
from CRJ were over-predicted. In this model, the general prediction trend was similar
irrespective of the mix type.

Witczak Model
4500
y = 1.2043x
R² = -0.089

Predicted Dynamic Modulus ksi
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3500
3000
2500
2000
1500

y = 1.049x
R² = 0.7515

y = 0.823x
R² = 0.758

1000

Witczak 40
Witczak 70
Witczak 100

500
0

Witczak 130

y = 0.8767x
R² = 0.0081
0

500

1000

LOE
1500

2000

2500

3000

3500

Actual Dynamic Modulus ksi

Figure 5-2 Measured vs. Predicted dynamic modulus for the Witczak model
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5.3. Regression Model
The Regression model, for which the results are shown in Figure 5-3, was built
based on the variability study with dynamic modulus being predicted using mix type,
contractor, temperature, and frequency. Temperature and frequency are a continuous
variable while mix and contractor are categorical variables in the analysis (i.e., values of
either 1 or 0). As discussed previously, production day and specimen were insignificant
and were not included in the model. The final equation of the regression model is given by

|𝐸𝐸 ∗ | = 2847.9 − 23.795𝑇𝑇 + 24.304𝑓𝑓 + 128.0𝐶𝐶1 + 0.0𝐶𝐶2 + 0.0𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 88.6𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
− 118.3𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 − 177.8𝑆𝑆𝑆𝑆𝑆𝑆 − 243.2𝑆𝑆𝑆𝑆𝑆𝑆

where,
|E*|

dynamic modulus, psi

T

test temperature, oF

f

loading frequency, Hz

C1, C2

Contractor 1 and 2, respectively. If the mix of interest is from

Contractor

1, C1 = 1 and C2 = 0 and vice versa.
SMA, Base A, Variables for SMA, Base A, Intermediate B, Intermediate C, Surface A,
INTB, INTC,

Surface B and Surface C mix, respectively. If the mix of interest is
Intermediate Type C, INTC = 1 and the others = 0.
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STA, STB,
STC

From the above regression equation, the dynamic modulus for each mix from a
contractor could be predicted by substituting the test temperature and loading frequency.
Categorical variables such as mix type (Base A, INTB, INTC, STB, and STC) and
contractor (C1, C2) should either be 1 or 0 depending on the mix type and contractor is
being predicted. For example, when predicting the |E*| of INTC for CRJ at 130°F/1Hz, the
input parameters would be T = 130, f = 1, C2 = 1, INTC = 1, and all other variables are 0.
The overall linearity was found to be approximately 95% with some incorrect predictions
at lower temperatures (i.e., dynamic modulus cannot be a negative value). The model
predicted negative values at 130°F. This was due to fewer data points available for the
model to be trained and a change in 1°F causing a significant decrease in dynamic modulus.
However, without the input of any binder and aggregates properties, the model predicted
accurate values at lower temperatures.
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Regression Model
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Figure 5-3 Measured vs. Predicted dynamic modulus for the Regression model
From the above analysis, it was concluded that the Hirsch model would be a better
fit for analyzing the pavement performance using PavementME and the South Carolina
asphalt mixtures included in this study.
5.4. Artificial Neural Network
Since the regression models were predicting negative results for dynamic modulus,
ANN approach was used to predict the E*. Figure 5-4 shows the sequence of operation in
ANN. The network consists of four inputs: Contractor, Mix, Temperature and Frequency.
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It consists of two hidden layers with four and two nodes at the first and second layer
respectively. The final output is the predicted dynamic modulus.
The input consists of the four variables and dynamic modulus from the actual
AMPT testing. The data was then split into training and testing to train the ANN network
for better prediction. A 70-30 split was used to train and test the data respectively. Once
the training of the network was completed, the dynamic modulus values were removed,
and the network was run repetitively (30 repetitions) until minimal error was achieved with
yields the best prediction model.

Figure 5-4 ANN model
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The graph from Figure 5-5 shows the training and testing data of actual versus the
predicted E*. From the graph it can be seen that the R2 value is high for both training and
testing (99.2% and 99%) respectively. Also, the linearity is close to 1 which indicates that
the actual and predicted values are highly linear with less variation.
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0
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3000

3500
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Figure 5-5 Dynamic modulus prediction by ANN model

From the above model prediction, it was concluded that the ANN model was able
to predict the dynamic modulus value with accuracy. The testing data had a coefficient of
0.97 which suggests that the actual and predicted values are within a reasonable range. This
suggests that ANN could be used as an alternate approach to find dynamic modulus in case
AMPT testing is not possible.
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CHAPTER SIX
6.0. INFLUENCE OF SPECIMEN GEOMETRY ON THE DYNAMIC MODULUS
The second phase of the research is to validate the geometry and anisotropy of
asphalt mixes. Anisotropy is the property of a material which allows it to change or assume
different properties in different directions, as opposed to isotropy. It can be defined as a
difference, when measured along different axes, in a material’s physical or mechanical
properties. To evaluate this property, the effect of specimen geometry on the dynamic
modulus had to be studied since this is a variable introduced when dealing with the
anisotropy
This phase involved the comparison of small-scale specimens cored in both vertical
and horizontal direction. The cored specimen is then cut to 38x110 mm and then tested for
dynamic modulus. Following are the scenarios for checking the anisotropy
•

Standard specimen vs small-scale vertically cored specimen

•

Standard specimen vs small-scale horizontally cored specimen

•

small-scale horizontally cored specimen vs small-scale vertically cored
specimen

Although only the third scenario is the actual anisotropy check, the first two
scenarios are included to check for the dimensional variability. Once the dimensional
variability is identified, it allows to core each individual asphalt layer taken from the field
and perform AMPT on these layers which will then enable to correlate the lab and field
data.
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6.1. Standard specimen vs small-scale vertically cored specimen
Table 6-1 shows an example of how the dynamic modulus value of small scale
vertically cored specimen looks. Specimen 1, 2 and 3 represents the three small scale
specimen (38 x 110 mm) cored out of a single standard specimen of 150 x 180 mm. These
specimens are then compared against a control standard specimen from the same
production day.
Table 6-1 E* for small-scale specimen example
Day 1
Temperature

Frequency

Control

Specimen 1

Specimen 2

Specimen 3

40

25 Hz

2320

2517

2482

2677

40

10 Hz

2131

2339

2318

2512

40

5 Hz

1980

2194

2187

2374

40

2 Hz

1781

1998

2005

2184

40

1 Hz

1628

1842

1857

2027

40

0.1 Hz

1132

1293

1310

1434

70

25 Hz

1090

1075

1000

1018

70

10 Hz

896

886

817

826

70

5 Hz

763

751

692

694

70

2 Hz

604

590

540

537

70

1 Hz

498

487

444

439

70

0.1 Hz

227

230

212

207

100

25 Hz

339

294

266

288

100

10 Hz

239

211

193

207

100

5 Hz

178

156

143

152

100

2 Hz

117

95

86

93

100

1 Hz

85

73

65

71

59

100

0.1 Hz

32

33

29

32

130

25 Hz

84

101

209

102

130

10 Hz

53

74

125

72

130

5 Hz

37

53

87

52

130

2 Hz

23

29

57

30

130

1 Hz

19

24

56

22

130

0.1 Hz

10

14

44
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The small-scale specimen from Banks SMA as seen in Figure 6-1 had a higher
dynamic modulus value than the standard control specimen. Since only one day of
production was available for this mix, a trend could not be established. Including more
mixes and production days will enable in validating if the trends holds true. The coefficient
of linearity was 1.10.

Figure 6-1 Control vs specimen for Banks SMA
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Figure 6-2 shows the correlation between the standard control specimen and smallscale specimen for 3 days of production. Unlike Banks SMA, CRJ had lower dynamic
modulus value for small-scale specimen for all the 3 days. The average coefficient of
linearity is 0.81. That means for every 1 ksi E* of standard specimen dynamic modulus,
the small-scale sample has 0.81 ksi.
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Figure 6-2 Control vs specimen for CRJ C SMA
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From Figure 6-3, King STB showed similar trend as CRJ SMA. The control sample
had higher dynamic modulus for both the days of production. The coefficient of linearity
was also similar to that of CRJ SMA (0.81). But on the other hand, King STC showed
similar trend as Banks SMA. The smaller scale specimen had higher dynamic modulus as
seen in Figure 20. The mix type had a coefficient of linearity of 1.16.
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Figure 6-3 Control vs specimen for King STB
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Figure 6-4 Control vs specimen for King STC

The STB mix from Lane was similar to that of STB mix from King. The smallscale specimen had lower dynamic modulus value than that of the standard control
specimen as shown in Figure 6-5. But the coefficient of linearity was little higher than
King. It was 0.86 as compared to 0.81 from King. This shows that irrespective of
Contractor and dimension, mix type STB has similar E* value.
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Figure 6-5 Control vs specimen for Lane STB
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2500

Similar trend can be observed in STB from Satterfield. Like Surface B mix from
King and Lane, STB mix from Satterfield had lower dynamic modulus value for the smallscale specimen. The linearity was close to that of the Lane. From Figure 6-6, Satterfield
STB mix had 0.85 linearity with the control sample. This could indicate that all STB mixes
irrespective of contractors, the small-scale specimen E* could range from 0.8-0.85 of that
of their respective standard specimen E*.
From Figure 6-7, the correlation of STA control specimen and small-scale
specimen from Sloan can be studied. STA from Sloan had almost 1:1 ratio for the E*
values. The E* of standard specimen and E* of small-scale specimen were close. This
suggests that the specimen geometry does not affect the E* value of Sloan STA mix. This
trend was seen in all the days of production.
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Figure 6-6 Control vs specimen for Satterfield STB
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Figure 6-7 Control vs specimen for Sloan STA
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6.2. Standard specimen vs small-scale horizontally cored specimen
Table 6-2 shows the typical dynamic modulus value of small scale horizontally
cored specimen. Specimen 1,2 and 3 represents the 3 small scale specimen (38 x 110 mm)
cored out of a single standard specimen of 150 x 180 mm. These specimens are then
compared against a control standard specimen from the same production day.
Table 6-2 E* for small-scale horizontal specimen
Day 1
Temperature

Frequency

Control

Specimen 1

Specimen 2

Specimen 3

40

25 Hz

2320

2572

2489

2382

40

10 Hz

2131

2381

2308

2197

40

5 Hz

1980

2225

2163

2042

40

2 Hz

1781

2015

1963

1835

40

1 Hz

1628

1854

1804

1675

40

0.1 Hz

1132

1304

1264

1161

70

25 Hz

1090

1071

915

916

70

10 Hz

896

868

737

730

70

5 Hz

763

729

618

606

70

2 Hz

604

564

474

459

70

1 Hz

498

459

386

370

70

0.1 Hz

227

214

181

175

100

25 Hz

339

346

306

300

100

10 Hz

239

251

224

220

100

5 Hz

178

187

168

164

100

2 Hz

117

115

104

101

100

1 Hz

85

90

82

75

100

0.1 Hz

32

39

39

23

69

130

25 Hz

84

110

102

135

130

10 Hz

53

79

79

97

130

5 Hz

37

55

55

69

130

2 Hz

23

29

29

37

130

1 Hz

19

21

21

29

130

0.1 Hz

10

16

16

16

6.2.1. Banks
The small-scale specimen from Banks SMA as seen in Figure 6-8 had a higher
dynamic modulus value than the standard control specimen. This trend is same as that of
the vertically cored small-scale specimen from Banks. It was found to be 1.05 times higher
than that of the standard control specimen.

Figure 6-8 Control vs specimen for Banks SMA
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6.2.2. CRJ Columbia

Figure 6-9 Control vs Horizontal specimen for CRJ C SMA
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Unlike Banks SMA, CRJ Columbia SMA had a lower dynamic modulus for the
horizontally cored small-scale specimen. It also had the opposite trend of having higher E*
than that of the vertically cored small-scale specimen. This trend is seen in all 3 days of
production. The gradient for CRJ C SMA is found to be 0.9.
6.2.3. CRJ
For Base A nix from CRJ, the E* was found to be less than that of the control mix
as seen in the figure. The trend that is observed from Figure 6-10 for horizontally cored
small-scale specimen, higher E* than the vertically cored small-scale specimen, is seen in
this mix as well. This also happened to be the only mix type from CRJ that had a lower
dynamic modulus than that of the standard control specimen. The gradient of Base A mix
is 0.84 of the control specimens.

Figure 6-10 Control vs Horizontal specimen for CRJ Base A
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Both the Intermediate B and C mixes had higher E* than that of the control
specimen.
Figure 6-11 and Figure 6-12 shows the correlation between the standard control
specimen and small-scale horizontal specimen for intermediate mixes for 3 days of
production. The average slope is 1.32 for INTB and 1.12 for INTC. That means for every
1 ksi E* of standard specimen dynamic modulus, the small-scale sample has 1.32 ksi and
1.12 ksi for INTB and INTC respectively. It should be noted that there was only 1 day of
production for INTB mix.

Figure 6-11 Control vs Horizontal specimen for CRJ Intermediate B
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Figure 6-12 Control vs Horizontal specimen for CRJ Intermediate C
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The surface mixes from CRJ, as seen in Figure 6-13 and Figure 6-14, showed
similar behavior to that of the Intermediate mixes. Both the STC and STB mixes had higher
dynamic modulus than that of the control mix. On average, STB and STC had dynamic
modulus 1.15 and 1.09 times that of the standard control specimen.

Figure 6-13 Control vs Horizontal specimen for CRJ Surface B
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Figure 6-14 Control vs Horizontal specimen for CRJ Surface C
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6.2.4. King
Two surface mixes were available from King for the analysis. Though both the
mixes showed higher dynamic modulus than that of the vertically cored small-scale
specimen, there were differences when compared to the control mix.

Figure 6-15 Control vs Horizontal specimen for King Surface C

The STC from King had a higher dynamic modulus than that of the control mix as
seen in the Figure 6-15. This is in line with the STC mix from CRJ. The small-scale
horizontally cored specimen on average had 1.23 times the dynamic modulus than the
control specimen. But it should also be taken into account that only one day of production
was available for the analysis.
Unlike STB mix from CRJ, King had a lower dynamic modulus than that of the
control specimen. Since both the days of production had dissimilar behavior, further studies
are needed to validate the hypothesis. Quantitatively, the E* for horizontally cored
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specimen was found to be 5% less than that of the control specimen with a slope of .95 as
seen in the Figure 6-16

Figure 6-16 Control vs Horizontal specimen for King Surface B
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6.2.5. Lane
Two mixes – STB and INTC were available from Lane for analysis. It was found
that it had similar behavior as that of the respective mixes from CRJ.
From the Figure 6-17, we could see that the horizontal small-scale INTC mix from
Lane had higher dynamic modulus than that of the control specimen. Day 1 and 3 had
higher E* while Day 2 had lower dynamic modulus. On average it was found to be 1.04
times than that of the full-scale standard specimen.
Also, from the Figure 6-18, it could be seen that the dynamic modulus of horizontal
small-scale STB specimen is higher than that of the control specimen. This result is similar
to the results from CRJ where both the STB and INTC mixes were higher.
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Figure 6-17 Control vs Horizontal specimen for Lane Intermediate C

80

Figure 6-18 Control vs Horizontal specimen for Lane Surface C
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6.2.6. Satterfield
Both the surface mixes, STB and STC showed similar results, as seen in Figure
6-19 and Figure 6-20, as of the surface mixes from King where STB had lower dynamic
modulus than that of the control sample whereas the STC had higher dynamic modulus.

Figure 6-19 Control vs Horizontal specimen for Satterfield Surface C
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Figure 6-20 Control vs Horizontal specimen for Satterfield Surface B
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From Figure 6-21, the Base A mix from Satterfield was similar to that of the Base
A mix from CRJ where the control sample had higher dynamic modulus. The small-scale
sample had 5% lower dynamic modulus for Base A and 7% lower for STB. STC mix was
found to be 21% higher than the control mix

Figure 6-21 Control vs Horizontal specimen for Satterfield Base A
6.2.7. Sloan
The only mix type that was available from Sloan was the STA which like many
other surface mixes from different contractors, had higher dynamic modulus than the
control sample. It was found to be 12% higher than the control mix. This trend was
observed in all 3 days of production of the mix type.
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Figure 6-22 Control vs Horizontal specimen for Satterfield Surface A
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CHAPTER SEVEN
7.0. ANISOTROPIC BEHAVIOR OF ASPHALT MIXES
7.1. Small Scale / Control Specimen ratio (SS/CS)
The ratio of interest here is the Small Scale/Control Specimen (SS/CS) which
indicates the ratio of dynamic modulus of small-scale specimen (in both vertical and
horizontal direction) over the dynamic modulus of control specimen. This ratio is helpful
in checking the feasibility of having a reduction in geometry of the specimen or the coring
direction. If the ratio is greater than 1, it indicates that the small-scale specimen has a higher
dynamic modulus value and if the value is less than 1 it means the dynamic modulus of the
control sample is higher.
This ratio also indicates the anisotropy property of the asphalt mixes. When the
small-scale vertical and small-scale horizontal dynamic modulus values are plotted against
each other, the difference due to the coring direction is obtained.
From Table 7-1, it can be seen that the SS/CS ratio for vertical coring direction is
consistently less than 1, suggesting that the control sample had the higher dynamic
modulus. There was exception in the following mixes - Banks SMA, CRJ INTB, CRJ STB,
King STC, Satterfield STC. It was observed that whenever the vertical coring had higher
value, it corresponded to the surface mix. This result is in par with the variability study that
was conducted for a particular contractor across mix types. For instance, from Table 4-2,
it was concluded that the CRJ INTB – STB had high correlation across all the temperature,
which indicated that the INTB mix and STB mix shared similarities from CR Jackson. This
is evident when the SS/CS ratio is seen higher for both the mixes from CRJ. This result
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also holds true from STC mix type from King and Satterfield from the variability in
contractors for a given mix. Except at 130℉, STC mix from King and Satterfield were
statistically similar.
Table 7-1 SS/CS ratio
Small Scale / Control Specimen
Mix

Vertical

Horizontal

CRJ C SMA

0.81

0.90

Banks SMA

1.10

1.05

CRJ Base A

0.74

0.84

CRJ INTB

1.23

1.32

CRJ INTC

0.96

1.12

CRJ STB

1.01

1.15

CRJ STC

0.93

1.09

King STB

0.81

0.95

King STC

1.16

1.23

Lane STB

0.87

1.03

Lane ITC

0.91

1.04

Satterfield STB

0.85

0.93

Satterfield STC

1.03

1.21

Satterfield Base A

0.93

0.91

Sloan STA

0.99

1.12

87

The other phase of this study was the SS/CS ratio when the specimen was cored
horizontally. From Table 7-1, the horizontally cored small-scale specimen had consistently
higher dynamic modulus than the control specimen. The increase in dynamic modulus
when the coring direction is changed could be attributed to the direction of compaction
effort. Since the horizontal specimen were cored perpendicular to the direction of
compaction, the specimen tends to have higher stiffness which resulted in the ratio being
greater than 1 for most cases. But when the coring direction and compaction direction was
parallel, the results were opposite which was seen in the vertically cored small-scale
specimen.
Once the overall trend was established, it was important to study the differences
due to the coring direction across temperature for each mix type.
The SMA mixes from Banks and CRJ Columbia exhibited an opposite behavior to
each other. While the Banks vertical specimen had higher dynamic modulus value, the
horizontal specimen from CRJ Columbia had the higher value as seen in Figure. This could
possibly be due to the result of aggregate arrangement. Since both the mixes had 9.5mm
NMAS and similar gradation (obtained from the respective plant’s QC sheets), with similar
binder content (5.9% for both) and with a standard air void of 7%±1%, the difference in
dynamic modulus value could be attributed to the aggregate source and aggregate
arrangement within the specimen.
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Figure 7-1 SS/CS ratio for Banks SMA
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Figure 7-2 SS/CS ratio for CRJ C SMA
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Similar trend was seen in the Base A mix as well. Base A mix was available for
analysis from CR Jackson and Satterfield plants. While the horizontal specimen had higher
dynamic modulus for CRJ, the vertical specimen had the higher dynamic modulus for
Satterfield mix. Even though there were opposite trend between the contractors, trend of
dynamic modulus behavior at each temperature for both vertical and horizontal specimen
was same for a particular contractor indicating that the temperature has more effect than
the coring direction.
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Figure 7-3 SS/CS ratio for CRJ Base A
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Satterfield Base A
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Figure 7-4 SS/CS ratio for Satterfield Base A

The Intermediate B mix type from CRJ is one of the mix types that had higher
dynamic modulus than the control sample in both coring directions. With the exception at
highest temperature, the horizontal specimen had higher dynamic modulus than that of the
vertical specimen. Both the coring direction had positive correlation for dynamic modulus
with respect to the temperature as seen in Figure 7-5
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Figure 7-5 SS/CS ratio for CRJ Intermediate B

The Intermediate C mix showed similar behavior between the contractors at all
temperatures. The trend of SS/CS lower at the room temperature of 70℉ and higher at
100℉ can be seen in both the contractors. Also, at the highest testing temperature of 130℉,
both the vertical and horizontal specimen were close to the control specimen for both the
contractors. This could be due to the fact that the study from variability analysis showed
the Intermediate C mix from both Lane and CRJ had a high correlation between them at all
temperatures as seen in the Table 4-1.

92

CRJ INTC
1.80

1.56

1.60
1.40
SS/CS

1.20
1.00

1.20
1.01

0.80

1.30

1.131.18

0.86
0.76

Vertical

0.60

Horizontal

0.40
0.20
0.00

40

70

100

130

Temperature

Figure 7-6 SS/CS ratio for CRJ Intermediate C
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Figure 7-7 SS/CS ratio for Lane Intermediate C
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The Surface B mix was available from most of the contractors. Similar trend as
seen in all other mixes was seen in Surface B vertical specimen as well. At 40℉ both the
coring direction had dynamic modulus higher than the control specimen and a drop in
reference temperature. It is again seen higher in higher temperatures.
King STB had the highest variability in terms of dynamic modulus with respect to
the coring direction. At all temperatures, the vertical cores had significantly lower dynamic
modulus than the control specimen, whereas the horizontal specimen had significantly
higher dynamic modulus than the control specimen at all temperatures and particularly at
100℉
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Figure 7-8 SS/CS ratio for CRJ Surface B

94

King STB
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Figure 7-9 SS/CS ratio for King Surface B
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Figure 7-10 SS/CS ratio for Lane Surface B
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Satterfield STB
1.40
1.15

1.20

SS/CS

1.00

0.94
0.86

0.80

0.99

0.990.99

0.80
0.74

0.60

Vertical

0.40

Horizontal

0.20
0.00

40

70

100

130

Temperature

Figure 7-11 SS/CS ratio for Satterfield Surface B
The Surface C did not have a specific pattern across the contractors. Though it was
evident that the horizontal cores had significantly higher dynamic modulus than the vertical
specimen, a specific pattern could not be identified. King and CRJ exhibited an opposite
trend where King had higher dynamic modulus for lower temperatures than the control
sample and lower dynamic modulus for higher temperatures and it was opposite in the CRJ
Surface B mix. Satterfield had consistently higher variability between the horizontal and
vertically cored specimen at all temperatures.
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Figure 7-12 SS/CS ratio for CRJ Surface C
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Figure 7-13 SS/CS ratio for King Surface C

97

Satterfield STC
1.71

1.80
1.60
1.40

1.23

SS/CS

1.20

0.87

1.00
0.80

1.21

1.20
0.86

0.80

Vertical

0.63

0.60

Horizontal

0.40
0.20
0.00

40

70

100

130

Temperature

Figure 7-14 SS/CS ratio for Satterfield Surface C
7.2. Anisotropy model prediction
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Figure 7-15 Vertical small-scale vs Horizontal small-scale
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The anisotropy model as plotted in Figure 7-15 shows the data points plotted
between the vertical small-scale and horizontal small-scale specimen. It could be seen that
the data points are highly linear with R2= 0.99. Also from the above analyses, it is also
seen that the vertical specimen is about 0.88 times that of the horizontal small-scale
specimen. Also, from the Tukey results in Phase 1, it was concluded that the results were
insignificant when the comparison was made with respect to the mix type instead of
contractors. Therefore, plotting the above graph with respect to the mix type would result
in the prediction of vertical small-scale specimen from the horizontal small-scale specimen.
This would enable in coring individual layers from the field horizontally and predict the
dynamic modulus for vertical small-scale specimen which could be used in the
PavementME software for predicting the pavement performance.
Based on above, the graph was plotted with respect to the mix type and the Table
7-2 indicates the prediction of vertical small-scale specimen from the horizontal smallscale specimen. The Surface mixes (A, B and C) show similar multiplier coefficient while
predicting the vertical small-scale specimen. Also, the multiplier coefficient for SMA mix
is 1 indicating almost equal values for vertical and horizontal small-scale specimen.
Table 7-2 Anisotropy model
Mix Type
Base A
Intermediate B
Intermediate C

Equation
Vertical = 69590 + 0.85*Horizontal
Vertical = -1680+ 0.93*Horizontal
Vertical = 16621 + 0.85*Horizontal

SMA
Surface A
Surface B
Surface C
Overall

Vertical = -22889 + 0.99*Horizontal
Vertical = 34768 + 0.86*Horizontal
Vertical = -22622 + 0.88*Horizontal
Vertical = -20770 + 0.85*Horizontal
Vertical = 676 + 0.88*Horizontal
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The intermediate mixes showed disparity in the values (0.85 for C and 0.93 for B)
but with similar intercept values.
7.3. Reason for anisotropic behavior
Once the anisotropy relationship was developed, the next step of the research was
to identify the reason behind the anisotropic behavior.
Table 7-3 BSG in different scenarios
Mix

Contractor
CRJ C
SMA Banks
King
Satterfield
CRJ
Lane
STB
CRJ
Satterfield
King
STC
Lane
CRJ
ITC
ITB
CRJ
CRJ
Base A Satterfield
STA
Sloan

BSG - Control
2.251
2.268
2.287
2.273
2.293
2.210
2.268
2.232
2.289
2.286
2.275
2.280
2.338
2.240
2.281

BSG - Vertical
2.270
2.290
2.306
2.278
2.302
2.210
2.272
2.262
2.317
2.307
2.285
2.326
2.349
2.271
2.290

BSG - Horizontal Trend
2.273
2.304
2.317
2.292
2.315
2.200
2.285
2.257
2.319
2.298
2.289
2.313
2.334
2.261
2.316

One of the reasons for the horizontal small-scale specimen to have higher dynamic
modulus was due to the specimen having higher BSG. This directly affects the amount of
air voids present in the specimen. The equation to find the air voids for an asphalt specimen
is given by
Air voids (%) = 1 − (

𝐺𝐺𝑚𝑚𝑚𝑚
) × 100%
𝐺𝐺𝑚𝑚𝑚𝑚

Equation 7-1 Air void calculation
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The Equation 5 shows the relationship between the air voids and bulk specific
gravity. The Gmm in the equation represents the theoretical maximum specific gravity of
a mix and it is constant for a given mix type from a contractor. The only variable in the
equation is the bulk specific gravity (Gmb) which changes from control to vertical
specimen to horizontal specimen. Whenever the bulk specific gravity increases, the air
voids in the specimen decreases which suggests there is higher aggregate to aggregate
contact. This is one of the reasons why the horizontal small-scale specimen has higher
dynamic modulus. The Table 7-3 shows the trend of BSG in different coring direction and
it could be seen that the BSG is increasing from control to vertical specimen to horizontal
specimen in most of the cases except Lane STB and CRJ Base A. The BSG in horizontally
cored specimen were found to be 0.9% higher than the control specimen making its air
voids lesser and thereby increasing its dynamic modulus. This could be one of the reasons
why CRJ Base A small-scale specimen had less dynamic modulus than the control
specimen.
The other reason for horizontal small-scale specimen having higher dynamic
modulus is because of the critical stress/strain points in the asphalt pavement while
undergoing compaction.

101

Figure 7-16 Critical points in asphalt pavement
Figure 7-16 shows the critical points in asphalt pavement. From the study
conducted by Shiferaw Garoma et. al it was identified that the critical points in the asphalt
pavements are
1) Tensile horizontal strain at the top of the asphalt layer, used to determine fatigue
cracking in the asphalt layer.
2) Compressive vertical stress/strain at mid-depth of asphalt layer, used to
determine rutting in the asphalt layer.
3) Tensile horizontal strain at a depth of 50mm from the asphalt layer surface and
at the bottom of each bound or stabilized layer, used to determine fatigue cracking in the
bound layers.
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4) Compressive vertical stress/strain at mid-depth of each unbound base/subbase
layer, used to determine rutting of the unbound layers. Rutting in chemically stabilized
base/subbase layers, bedrock, and concrete fractured slab materials is assumed zero [35].
Since our research is focused on HMA layer, only 1 and 2 applies. It could be seen
from Figure 7-17 that the point 1 undergoes tension and 2 undergoes compression. These
are the points that are being cored vertically and horizontally respectively. Since the
vertically cored small-scale specimen is from the tension zone, it tends to have less
dynamic modulus value than that of the horizontal small-scale specimen which comes from
the compression zone.

Figure 7-17 Tension and compression zones during loading
From the above analysis, it could be concluded that the coring direction has an
influence on the dynamic modulus of asphalt mix. It was identified that the specimen cored
horizontally, irrespective of the mix type had higher dynamic modulus than the vertically
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cored specimen. Also, apart from Base A mix and SMA mix, all other mixes had higher
dynamic modulus. This property could affect the cracking and rutting distresses in asphalt
pavement. Also, the reason of horizontally cores small-scale specimen having higher
dynamic modulus than that of the vertically cored small-scale specimen was discussed.
Bulk specific gravity and the stress/strain parameters in x-y direction affected the dynamic
modulus values.
A pavement section with horizontal coring as Level 1 input could be resistant to
rutting comparatively, since it has higher dynamic modulus. Also, vertically cored
specimen could be resistant to cracking since it has a lower dynamic modulus. The real
impact of the anisotropy was studied in detail in the next chapter where the feasibility of
having horizontal core for pavement design was evaluated.
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CHAPTER EIGHT
8.0. EFFECT OF GEOMETRY AND ANISOTROPY ON PAVEMENT
PERFORMANCE
From the effect anisotropy on dynamic modulus, it was observed that the
horizontally cored specimen had a higher dynamic modulus as compared to the vertical
specimen and in many cases even the control specimen. But the true effect has to be studied
on the performance of pavement when it is designed using the dynamic modulus as Level
1 input in PavementME software.
8.1. PavementME software
The PavementME is the most sought-after pavement design software that is capable
of predicting pavement responses using the Mechanistic Empirical approach. It calculates
the pavement responses based on 3 primary inputs – traffic, climate and material properties
for both asphalt and concrete pavements. These responses are then used to design a
pavement section capable of handling the climate and traffic changes.
Figure 8-1 shows the typical PavementME software window with material, climate
and traffic inputs on the left and its corresponding properties in the working area.
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Figure 8-1 PavementME software window
8.2. Pavement ME Input
Analysis of pavement performance using Pavement ME requires three major
inputs: traffic, climate and material properties. To make the comparison of the contractors
on an even basis, the traffic and climate data were made constant and only the dynamic
modulus was varied.
8.2.1. Traffic Input
The traffic class selected for the analysis was that for an Urban Principal Arterial
since that is similar to the traffic class 4 from the SCAPA reference and this was also an
appropriate roadway type for the mixtures studied in this research (Surface B, Surface C,
Intermediate B and C and Base A). The traffic load spectrum for the road classification
selected was obtained from the PerRoad perpetual road design software. The Average
Annual Daily Traffic was assumed to be 20,000 and out which 20% (4000) was assumed
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to be truck traffic, which is a reasonable assumption for an Urban Arterial. Table 9-1 shows
the traffic input that was used for the analysis and Table 8-2 shows the number of axles per
truck for each vehicle class. A 4-lane road with 2 lanes in each direction, 50% of trucks in
design direction and 90% of trucks travelling at 60 mph in the design lane was assumed.

Table 8-1: Traffic Input for Sensitivity Analysis
Growth Factor
Vehicle Class AADTT Distribution (%)
Rate (%) Function
Class 4
4.2
4
Linear
Class 5
20.8
4
Linear
Class 6
7.3
4
Linear
Class 7
1.0
4
Linear
Class 8
11.5
4
Linear
Class 9
46.9
4
Linear
Class 10
2.1
4
Linear
Class 11
3.1
4
Linear
Class 12
1.0
4
Linear
Class 13
2.1
4
Linear

Vehicle Class
Class 4
Class 5
Class 6
Class 7
Class 8
Class 9
Class 10
Class 11
Class 12
Class 13

Table 8-2: Number of axles per truck
Single Axle
Tandem Axle
Tridem Axle
1.62
0.39
0.00
2.00
0.00
0.00
1.02
0.99
0.00
1.00
0.26
0.83
2.38
0.67
0.00
1.13
1.93
0.00
1.19
1.09
0.89
4.29
0.26
0.06
3.52
1.14
0.06
2.15
2.13
0.35
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Quad Axle
0
0
0
0
0
0
0
0
0
0

8.2.2. Climate Input
The Pavement ME software uses climatic stations located at various places across
the country that serves as climatic data sources providing annual statistics for Mean Annual
Air Temperature, Mean Annual Precipitation, Freezing Index, Average Annual Number of
Freeze/Thaw Cycles. The software lists a series of stations closer to the area of interest and
lets the user select one particular station for climatic data. The selected station for the
current analysis is Lexington, SC. Table 8-3 shows the annual statistics for the selected
climatic station.
Table 8-3: Climate Input for Sensitivity Analysis
Parameters
Mean Annual Air Temperature (℉)
59.67
Mean Annual Precipitation (in)
53.07
Freezing Index (℉-days)
38.69
Average Annual Number of Freeze/Thaw Cycles 55.43
Water Table (ft)
10.00
8.2.3. Material Input
Input for material includes the layers of the pavement and physical properties of
each layer of the pavement section. The pavement section is composed of 2 layers; an
asphalt layer of 2 in (the thickness is chosen in such a way that minimum lift also allows
horizontal coring) and a natural subgrade of infinite thickness. The physical properties of
the materials included the properties of aggregate, asphalt and binder.
The binder data that is required for the Level 1 input was obtained from the
Dynamic Shear Rheometer (DSR) performed by the SCDOT. The results of the bitumen
that were used as an input are given in Table 8-4.
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Table 8-4: Binder Input for Sensitivity Analysis
Temperature (oC)
Binder G* (Pa)
Phase angle 𝜹𝜹 (deg)
58
3460
85.4
64
1510
86.9
70
708
88.0

8.3. Pavement ME Output
Once the necessary inputs were provided to the software, the performance of the
pavement was calculated based on the in-built calculations and the output was generated.
The distress prediction models provide the following output:
•

Terminal IRI (in/mile)

•

Permanent deformation, total (in)

•

AC bottom-up fatigue cracking (% lane area)

•

AC thermal cracking (ft/mile)

•

AC top-down fatigue cracking (ft/mile)

•

Permanent deformation, AC only (in)

The output was generated based on the reliability factor given (90%) and also at
50% reliability. Each and every distress criterion was specified a threshold value based on
which the success or failure of the pavement section is identified. The success/failure of
pavement section is not considered as an objective for this analysis since the primary focus
was to evaluate the effect on anisotropy on dynamic modulus which in turn affects the
pavement performance.
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8.4. Differences in pavement performance
To evaluate the differences in pavement performance, the pavement section was
created in such a way that the only difference is due to the differences in dynamic modulus.
Rest of the inputs were constant irrespective of the mix type or contractor. This way any
difference in pavement response can directly be attributed to the dynamic modulus. Also,
the results are analyzed with respect to the mix type and its corresponding pavement
response. The major pavement responses analyzed were the top-down cracking and AC
layer deformation which are the driving parameters while designing a pavement section.
8.5. Lab mixes
8.5.1. SMA
Table 8-5 Distress for SMA mix type
SMA
Distress
Terminal IRI
(in/mile
Permanent
deformation total pavement
(in
AC bottom-up
fatigue
cracking (%
lane area
AC thermal
cracking
(ft/mile
AC top-down
fatigue
cracking (%
lane area
Permanent
deformation AC only (in

Control

Banks SMA
Horizontal Vertical

Control

CRJ C SMA
Horizontal Vertical

172.00

170.84

168.76

168.76

165.28

165.50

168.11

0.75

0.79

0.78

0.78

0.73

0.72

0.76

25.00

31.10

27.53

27.38

24.53

25.74

27.54

1000.00

1873.63

1873.63

1873.63

1873.63

1873.63

1873.63

25.00

4.69

4.71

7.49

8.37

8.97

9.68

0.25

0.27

0.27

0.28

0.23

0.22

0.26
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Table 8-5 shows the distress prediction for SMA mix which was available from
Banks and CRJ Columbia. For easier understanding, each distress is compared against the
coring direction and against the contractor.

Top Down Cracking (% lane area)

SMA - Top Down Cracking
12.00
10.00
8.00
6.00
4.00
2.00
0.00

Banks

CRJ C

Control

4.69

8.37

Horizontal

4.71

8.97

Vertical

7.49

9.68

Contractors

Figure 8-2 Top-down cracking in SMA
Figure 8-2 shows the top-down cracking in SMA mi type. As discussed in the
anisotropic behavior, Figure 8-1, the SS/CS ratio for vertical specimen is higher than the
SS/CS ratio for horizontal specimen. This makes the vertical specimen more susceptible to
cracking than the control and horizontal specimen. Also from the same analysis, it was
seen that the SS/CS ratio for horizontal specimen was close to 1, making it similar to the
control mix. This is seen in the top-down cracking where the control and horizontal
specimen had similar results. Again from Figure 8-2, it was seen that the control sample
had similar dynamic modulus with respect to horizontal and vertical small-scale specimen
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which is corroborated by the cracking predictions, where the predicted values are close to
one another.
The AC layer deformation for SMA is given in the Figure 8-3. It could be seen that
it follows the opposite trend of top-down cracking, which is expected. Since high dynamic
modulus mixes are prone to cracking than rutting, CRJ had higher cracking results. It was
seen on average the dynamic modulus of Banks was 0.78 as that of CRJ making Banks
more prone to rutting.

SMA - AC Deformation
AC Deformation (in.)

0.30
0.25
0.20
0.15
0.10
0.05
0.00

Banks

CRJ C

Control

0.27

0.23

Horizontal

0.27

0.22

Vertical

0.28

0.26

Contractors

Figure 8-3 AC deformation in SMA

8.5.2. Base A
Base A mix was available from CRJ and Satterfield and as with the SMA mix, both
top down and rutting results were analyzed.
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Top Down Cracking (% lane area)

Base A - Top Down Cracking
18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

Satterfield

CRJ

Control

15.72

15.95

Horizontal

15.91

7.34

Vertical

13.62

4.91

Contractor

Figure 8-4 Top-down cracking in Base A
From Figure 8-4 it can be seen that the cracking prediction for Satterfield is
consistent for specimen geometry and coring direction. This was in line with the specimen
geometry result in Figure 8-4, where the vertical and horizontal had similar SS/CS ratio
especially at lower temperature which is responsible for cracking in asphalt pavement
surface. This was evident in the cracking results as the top-down cracking is similar for
Satterfield mix. Also, from Figure 8-3 it is evident that the control mix had the highest
dynamic modulus with vertical specimen having a low SS/CS ratio. This was seen in the
cracking results where the vertical specimen had considerably lower cracking than the
control data which had the highest.
Since the Satterfield SS/CS ratio was consistent, the rutting results were consistent
as seen in the top-down cracking. Also, CRJ followed the same trend as cracking, where
the vertical small-scale had lower dynamic modulus and it was predicted with the higher
rutting of AC layer.
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Base A - AC Deformation
AC Deformation (in.)

0.30
0.25
0.20
0.15
0.10
0.05
0.00

Satterfield

CRJ

Control

0.22

0.17

Horizontal

0.24

0.22

Vertical

0.21

0.22

Contractor

Figure 8-5 AC deformation in Base A
8.5.3. Intermediate C
Intermediate C mix shared the same trend as with the SMA and Base A mix.
Intermediate C was available from Lane and CRJ for analysis and the results are shown in
Figure 8-6 and Figure 8-7.
On comparing the dynamic modulus for Intermediate C mix from CRJ and Lane, it
was found that CRJ dynamic modulus is 0.81 of that of Lane. Therefore, it was evident that
Lane mix is comparatively prone to cracking than CRJ mix. And from Figure 8-6 it was
found that the horizontal small-scale specimen had higher dynamic modulus value which
made it prone to cracking and the software predicted the same.
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Top Down Cracking (% lane area)

ITC - Top Down Cracking
18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

Lane

CRJ

Control

9.86

4.69

Horizontal

15.47

9.49

Vertical

15.89

7.48

Contractors

Figure 8-6 Top-down cracking in Intermediate C

ITC - AC Deformation
AC Deformation (in.)

0.26
0.25
0.24
0.23
0.22
0.21
0.20
0.19

Lane

CRJ

Control

0.21

0.24

Horizontal

0.22

0.23

Vertical

0.23

0.25

Contractors

Figure 8-7 AC deformation in Intermediate C

But when it came to rutting prediction, though control specimen had lower dynamic
modulus particularly at higher temperatures Figure 8-7 which makes the material less stiff,
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the rutting values is seen lower for control specimen. But CRJ followed the similar trend
where the higher dynamic modulus value had lower rutting prediction.
8.5.4. Surface B
Surface B was available from different contractors for the purpose of analysis. It
was inferred from the variability study that the variability of King and Lane was less.
Therefore, their behavior due to geometry change and anisotropy were similar as well.

Top Down Cracking (% lane area)

STB - Top down cracking
20.00
18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

King

Lane

Satterfield

CRJ

Control

17.23

9.55

11.19

7.90

Horizontal

18.31

7.37

12.04

12.13

5.16

11.53

11.34

Vertical

Contractors

Figure 8-8 Top-down cracking in Surface B
King had the highest dynamic modulus for the STB mix. On average it was 2.7
times the Lane, 1.4 times CRJ and 1.6 times Satterfield, making it highly susceptible to
top-down cracking. This is clearly seen in the cracking results, where King was more prone
to cracking and Lane was the least. The control sample had issues while being used in the
PavementME and the results for vertical specimen could not be achieved. Nonetheless,
from Figure 8-9 showed that the horizontal specimen had higher dynamic modulus value
and its cracking been in alignment. This could be seen in Lane mix where the control
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specimen had the highest dynamic modulus, Figure 8-10, which made it prone to cracking.
Satterfield mix was consistent with the geometry and coring direction and its cracking
results were also similar.

AC Deformation (in.)

STB - AC Deformation
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

King

Lane

Satterfield

CRJ

Control

0.18

0.28

0.23

0.22

Horizontal

0.18

0.32

0.23

0.21

0.35

0.25

0.22

Vertical

Contractors

Figure 8-9 AC deformation in Surface B

From the above analysis, it could be concluded that King should have the least
rutting due to higher dynamic modulus and Lane should be susceptible to rutting due to
lower dynamic modulus. These assumptions were corroborated by the rutting results as
seen in Figure 8-9.
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8.5.5. Surface C
Unlike Surface B, King had consistency in cracking and rutting prediction due to
the fact that the dynamic modulus values were similar for horizontal and vertical specimen.
Same was the case with CRJ. But as seen in Figure 8-14, the small-scale specimen had
considerable increase in dynamic modulus when cored horizontally and vertically cored
specimen had dynamic modulus less than control specimen. This made horizontal
specimen very likely to be affected by cracking. These behaviors can be seen in Figure
8-10. It is to be noted that the software had issues processing King control sample and
hence its data was not available for comparison.

Top Down Cracking (% lane area)

STC - Top Down Cracking
18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

King

Control

Satterfield

CRJ

14.19

4.69

Horizontal

10.85

16.42

4.96

Vertical

11.84

7.96

4.74

Contractors

Figure 8-10 Top-down cracking for Surface C
Rutting results shown in Figure 8-11 were on par with the other mix’s rutting
behavior. Since Satterfield had high cracking, it was less likely to be affected by rutting
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and hence the lower rutting prediction. As discussed previously, King and CRJ had similar
dynamic modulus values and had similar rutting distresses.

STC - AC Deformation
AC Deformation (in.)

0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

King

Control

Satterfield

CRJ

0.24

0.29

Horizontal

0.23

0.22

0.25

Vertical

0.24

0.28

0.26

Contractors

Figure 8-11 AC deformation for Surface C

8.6. Field cores
Field cores were available for Banks SMA and King STB. Once the field cores
were collected, it was cored horizontally to obtain the small-scale specimen. Field cores
were taken in such a way that it was cored right after the placement and rolled but before
open to traffic. This was done so that plant produced, and lab compacted mix can be
compared to the plant produced and field compacted. These were then compared to the
already available horizontal small-scale specimen from the respective contractors.
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Top down cracking (% lane area)

Field - Top Down Cracking
20.00
18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

King STB

Bank SMA

Lab

18.31

4.71

Field

5.50

5.70

Contractors

.

Figure 8-12 Top-down cracking for field cores

Field - AC Deformation
AC deformation (in.)

0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

King STB

Bank SMA

Lab

0.18

0.27

Field

0.30

0.29

Contractors

Figure 8-13 AC deformation for field cores
From Figure 8-12 and Figure 8-13, it was evident that the field and plant cores were
very similar in distress values. This is due to the fact that the dynamic modulus of field and
plant cores were very identical (1.02) whereas King had an unusual difference in cracking
and rutting performance. This difference is because the plant cores were having high
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dynamic modulus at low temperatures. This is also one of the reasons for Surface B having
cracking susceptibility in King (Figure 8-8). This should not have happened as the mix
produced by the plant is consistent in production days as seen in previous chapters and also
the same mix being transported to the field for AC layer placement. One of the reasons for
this happen could be the amount of compaction put during field placement and compaction
done at the lab
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CHAPTER NINE
9.0. CONCLUSION AND RECOMMENDATION
9.1. Summary
The purpose of this research work was to understand the overall impact of dynamic
modulus on the behavior of asphalt mixes in South Carolina. This will enable the
Department of Transportation or any other pavement design organization to understand the
importance of designing pavement using Mechanistic-Empirical approach rather than
empirical approach. From the research and analysis, it was identified that the control
specimen size could be modified from 100 mm x 150 mm to 38 mm x 110 mm with little
modifications based on the source and mix type. Also, the feasibility of determining the
dynamic modulus from horizontally cored specimen was identified and it was found that
the dynamic modulus could be determined using the same testing procedure as with the
standard specimen. But the horizontally cored specimen tends to have higher dynamic
nodulus which had to be accounted for while designing a pavement section.
9.2. Conclusion
Based on the objectives and scope of work, following conclusions were drawn
•

The production day and specimen did not have any influence on the dynamic modulus
indicating consistency in the mix production at the asphalt plant. This means that three
test specimens may not be needed when testing the dynamic modulus (AASHTO T378
requires two specimens), and mix sampled from a single day of production is sufficient
to compute the dynamic modulus for Level 1 input.

•

At all temperatures, the differences between surface mixes for a given contractor were
insignificant indicating that dynamic modulus input for a single “typical” surface mix
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from a given contractor can be used in design instead of separate input values for
individual surface mix types. The same was generally true for the intermediate mixes.
•

The model comparison showed that the Hirsch model resulted in better agreement
between the measured and predicted dynamic modulus values compared to the
Regression and Witczak models. Except for lower temperatures where |E*| was under
predicted, the overall prediction was close to actual values from the AMPT test.

•

The Hirsch model under-predicted the dynamic modulus at lower temperatures and
over-predicted at 70°F. It was most accurate at the highest temperature. The Witczak
model performed opposite to the Hirsch model where the dynamic modulus values
were over-predicted at lower temperature and under-predicted at higher temperature.
Based on this finding, the Hirsch model would be more appropriate for use in South
Carolina due to its accuracy at higher pavement temperatures and the prevalence of
high pavement temperatures due to the climate in the state.

•

The Regression model predicted negative values at 130°F due to the availability of
fewer data points to train the model. Therefore, a change in temperature of 1°F results
in a significant decrease in dynamic modulus at high temperatures.

•

The ANN model was able to predict the dynamic modulus with high level of accuracy.
Both training and testing data had a positive correlation of 99 and 97% respectively.
This would reduce the number of samples tested considerably.

•

The influence of geometry on the dynamic modulus indicated that the small-scale
specimen had a lesser dynamic modulus than the standard control specimen with few
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exceptions. The ratio of small-scale to the control specimen ranged from 0.81 to 1.23
with an average of 0.96.
•

Also, it was identified that it was feasible to obtain cores from individual layers
horizontally and determine dynamic modulus using small-scale specimen. The
horizontally cored specimen exhibited higher dynamic modulus than the control
specimen. The ratio of small-scale horizontal to control specimen ranged from 0.84 to
1.32 with an average of 1.06.

•

From the anisotropy study it was concluded that the vertical small-scale specimen was
found to be having 12% less dynamic modulus value than that of the horizontal smallscale specimen. It was due to the effect of horizontal small-scale specimen having
higher bulk specific gravity than that of the control and vertically cored-small-scale
specimen. The BSG was found to be 0.9% higher than the control and vertically coredsmall-scale specimen

•

The coring location had impact on the dynamic modulus. Vertically cored specimen
was found to be obtained from a region of tension zone and horizontal small-scale
specimen was cored from the compression zone. This made the horizontal small-scale
specimen have higher dynamic modulus than that of the vertical small-scale specimen.

•

The mastercurves generated for control and small-scale samples indicated that the
horizontally cored specimen was in alignment with the control specimen than the
vertically cored specimen. It also showed that the small-scale specimen had little to no
variability in dynamic modulus with the control specimen at lower temperatures. There
was high variability at high temperatures irrespective of mic type and contractor.
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•

The pavement performance using the PavementME indicated that horizontally cored
small-scale specimen was highly resistant to AC layer deformation and prone to topdown cracking. But the opposite trend was observed in the vertically cored small-scale
specimen where it was prone to rutting and resistant to cracking. This is solely because
the horizontal specimen had higher dynamic modulus while the vertically cored
specimen had lower dynamic modulus.

•

The dynamic modulus data on field cores cored horizontally indicates the feasibility of
testing the field specimen with a reduced dimension. Banks SMA had similar dynamic
modulus for both field cores and plant mix-lab compacted cores. The lab/field
performance was close to 1 for all the distresses except top-down cracking which was
found to be 0.85.

•

The above result was an indication that the mixes produced at the plant and compacted
at the lab was an ideal representation of actual pavement in the field.

9.3. Recommendations
Based on the above conclusions following recommendations are put forth to which
could compliment this research and add value
Since this research was focused on collecting and maintaining the Level 1 database
of dynamic modulus of typical mixes in South Carolina, much focus was not given to the
Level 2 and Level 3 data. In case of non-availability of Level 1 data, 2 and 3 could be used
in PavementME as input for MEPDG. Using Hirsch model, predictions could be made for
dynamic modulus values and further study could be conducted.
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The other major recommendation is to develop the PavementME design guide. The
core of the research was to aid the DOT in moving from the 1993 AASHTO design to the
MEPDG design. Using the results from this research, developing specifications and
guidelines is highly possible although the other inputs and its effect has to be studied
further.
Third recommendation is to collect more field cores and study if the result from
Banks holds true for horizontally cored specimen. This would further validate the research
and pavement performance could directly be studied from field cores instead of lab data.
Further studies could be conducted on deriving the control sample dynamic
modulus data from the horizontally cored field specimen using the SS/CS ratio obtained
from this research. Reverse validating the ratio and obtaining the control specimen dynamic
modulus value is a good way to understand the effect of geometry and anisotropy.
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